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Kosmos 60 is today the most talked | 
about furnace black for reinforcing nat-_ 
ural and synthetic rubber It originates 

from oil and is perfected by United's 
exclusive process. Its superb processing — 

_and balance of strength make for the best. 


UNITED CARBON NY. INC. 
NEW YORK AKRON CHICAGO 


...f0r Maximum service 


carbon black laboratory 


Complete, modern facilities for all carbon 
black problems 


Located at Amarillo, Texas, Witco-Continental’s research 
and technical service laboratory is completely modern in 
every detail—contains the latest research and scientific 
testing equipment. 

It is staffed by experts whose many years’ experience in 
carbon black will be put to work on your problem—when- 
ever you say the word. 

Meanwhile, if you’re in the vicinity, pay us a visit. We’ll 
be glad to show you through our laboratories—which 
really have to be seen to be fully appreciated. 


be WITCO CHEMICAL COMPANY 


CONTINENTAL CARBON COMPANY 
AY) 295 Madison Avenue, New York 17, N. Y. 

Akron + Amarillo - los Angeles - Boston - Chicago - Houston 

Cleveland - San Francisco - London and Manchester, England 
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ugust 24, ._ Acceptance for mailing rate of postage provi or in paragrap! e a 
Section 34.40, P. L. and R. of 1948, authorized September 25, 1940. a 


‘Phillips 


Both Philblack* O and Philblack* A 
Must pass their “screen tests” every day! 


@ These ‘‘stars of the screen” are 
tested by a water wash grit test over 
an 80 mesh per inch screen, every 
2 hours! Philblack A and Philblack 
O pass these and other difficult tests 
with high scores! Stress-strain prop- 
erties, Shore hardness, compression 
set, angle abrasion loss, flex life and 


other qualities that make Philblack 
compounds so outstanding are con- 
stantly checked by quality-control 
comparisons. 

Dense, firm Philblack O and Phil- 
black A pellets handle efficiently in 
hopper cars and most bulk conveyor 
systems. Also available in bags. 


PHILLIPS CHEMICAL COMPANY 


PHILBLACK SALES DIVISION 


EVANS BUILDING - AKRON 8, OHIO 


PHILBLACK EXPORT SALES DIVISION 
80 BROADWAY, NEW YORK §, N. Y. 


Philblack A and Philblack O are manufactured at Borger, Texas. 


Warehouses in Akron, Boston, Chicago and Trenton. 
West Coast agent: Harwick Standard Chemical Company, Los Angeles 
Canadian agent: H. L. Blachford, Ltd., Montreal and Toronto. 
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DOUBLE-CHECKED CHEMICALS 


FOR THE RUBBER INDUSTRY 


WWJ Greatly increased sales necessitated 
plant expansion. 


W/ Anew plant has been built. 


Immediate delivery is once again 
possible. 


W Are you overlooking a good bet? 


SHARPLES 
TRADE 


WARP LES CHEMICALS. Inc 


A SUBSIDIARY OF THE PENNSYLVANIA SALT COMPANY. 


\ 
= 
500 Fifth Ave, New York 80 E Jackson BI 0+ 1065. Moin St, Akron 
Martin, Hoyt & Milne Inc, San Francisco Los Angeles 
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Outstanding clarity and flexibility mark this extruded vinyl 
hose made with PLIOViIC—Goodyear’s use-proved vinyl resin. 


VEN in extruded hose or tubing, 
you can get clarity without loss 
of strength, flexibility or gloss when 
you use one of the new PLIOVIC 
resins. And you can extrude directly 
from the pre-mix with this use- 
proved Goodyear vinyl resin—elimi- 
nating time-wasting mill mixing. 
Whatever your manufacturing 
method may be, you can use PLIOVIC 
—and process more easily at lower 
temperatures. 


Rigid or pliable, clear or opaque, 
PLIOVIC products have outstanding 
chemical resistance, heat and light 
stability and excellent physical 
properties. So look to PLIovic for 


new applications using vinyl resins 
and latices. 
For details and samples, see a 
Goodyear Chemical Division Repre- 
sentative, or write: 
Goodyear, Chemical Division 
Akron 16, Ohio 


Chemigum, Pliobond, Pliolite, Pliovie — 
T.M.’s The Goodyear Tire & Rubber Company, Akron, Ohio 


7 CHEMICAL 
GOOD*YEAR 


DIVISION 


Use Proved Products—CHEMIGUM - PLIOBOND - PLIOLITE - PLIOVIC - WING-CHEMICALS —The Finest Chemicals for Industry 
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reduce scorch with SULFASAN R 


Monsanto Research has developed Sulfasan R, a 
sulfur-bearing material which gives great freedom 
from scorch in compounds such as natural rubber 
treads loaded with HAF blacks. This is brought 
about because Sulfasan R, which has good stability 
at ordinary processing temperatures, breaks down 
at curing temperatures and liberates sulfur for 
vulcanization. 


Some regular sulfur can be used with Sulfasan R 
and still maintain freedom from scorch, except 
under extremely severe processing conditions. 
Stocks containing Sulfasan R age well. White stocks 
in which Sulfasan R is used are not discolored. 


For further information on Sulfasan R, write or 
phone MONSANTO CHEMICAL COMPANY, Rub- 
ber Chemical Sales, 920 Brown St., Akron 11, Ohio. 

Sulfasan: Reg. U. S. Pat. Off. 


A NEW EDITION of * Monsanto Chemicals for 
the Rubber Industry’ is ready for distribution. 
If you have not received your copy, write for it. 
It will be sent without cost or obligation to you. 


SULFASAN R 


'4-4' dithiodimorpholine) 


Serving Industry... Which Serves Mankind 
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It takes perfect timing to drop the loop 
over the head of a speeding calf. And it takes 
farsighted management to keep your business 
provided with a continuing supply of necessary 
top quality raw materials. 

As a user of carbon black you can depend 
on a continuing supply of TEXAS CHANNEL 
BLACKS from the Sid Richardson Carbon Co. 
The world’s largest channel black plant and our 
own available, nearby resources, assure your 

TITY present and your future requirements. 


Std Richardson 


AR BON c oO. 


FORT WORTH, TEXAS 
CEWERAL SALES OFFICES 
SAVINGS AND LOAM BUILDING 
ARRON 8. 
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AS A 
QUALITY 
ECONOMICAL RESIN 


HYDROCARBON 


RESINS 


PANAREZ hydrocarbon resins are effective and inexpensive for 
rubber compounding. They have low specific gravity - Low odor 


- Show no effect on cure 


- There is a marked improvement in 


processing - Longer flex life - Greater abrasion resistance - 
Better color stability - Electrical characteristics are excellent. 
Prompt shipments made in carload or single drum quantities. 


Write for samples. 


Softening 
Point, °F 


Specific 
Gravity 


PANAREZ 3-210 


200-220 


1.049 


PANAREZ 6-210 


200-220 


1.106 


PANAREZ 12-210 


200-220 


1.054 


PAN AMERI 


PAN AMERICAN DIVISION 
Pan American Refining Corp. 


122 EAST STREET 


N 


NEW YORK 17, N. Y. 
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GODFREY L. CABOT, INC. 


77 FRANKLIN STREET, BOSTON 10, MASS. 
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For economical reclaiming 


You can save money, speed up your reclaiming operations 
and, at the same time, increase quality with Du Pont RR-10. 
Its action is so powerful that less reclaiming oil is required; 
the reclaims are smooth and have good tack. 


The range of elastomers handled by RR-10 is impressive, 
too. Natural rubber and GR-S, or mixtures of these, can be 
reclaimed quickly and economically. Du Pont RR-10 is also 
being used successfully on neoprene, buna N, and mixtures 
of GR-S and high styrene resins. It is used with equal success 
in the pan and zinc chloride process and is excellent for ban- 
bury reclaiming operations. Unlike most other chemical 
reclaiming agents, RR-10 is also effective in the alkali process. 


Whatever your operation—full-scale production or a little 
reclaiming on the side to keep costs down—Du Pont RR-10 
can be of value to you. If you have not already evaluated it, 
send for a sample today. A factory trial is the best method of 
getting acquainted with this effective, versatile reclaiming 
agent. For complete information, write or call our nearest 
district office. 


Akron 8, Obie, 40 £. Bechtel Wimleck 316! 
Boston 5, Mass., 40 Federal HAnceck 61711 
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Les Angeles 1, 845 60th St, ADoms 3-5706 
Mew York 13, 40 Werth St., COrtlendt 7.3906 
Wikmington 98, Del. 1007 Merket St., Wilm. 45171 


DU PONT RUBBER CHEMICALS 


E. I. du Pont de Nemours & Co. (Inc.), Wilmington 98, Del. 


Anniversary 


BETTER THINGS FOR BETTER LIVING... THROUGH CHEMISTRY 
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chemicals for 
the rubber industry 


ACCELERATORS 

Thiazole 
MBT (Mercaptobenzothiazole) 
MBT-XXX (Specially Refined—Odorless) 
MBTS (Benzothiazyldisulfide) 
NOBS* No. 1 

Guanidine 
DPG (Diphenylguanidine) 
DOTG (Diorthotolylguanidine) 
Accelerator 49 


ANTIOXIDANT 
Antioxidant 2246* 


(Non-staining, non-discoloring type) 


PEPTIZER 
Pepton® 22 Plasticizer 


RETARDER 
Calco Retarder P.D. 


STIFFENING AGENT 
Calco S.A. 


SULFUR 
Rubber Maker’s Grade *Trade-mark 


<Caleo=> Ce | = 
AMERICAN Ganamid COMPANY 


CALCO CHEMICAL DIVISION 
INTERMEDIATE & RUBBER CHEMICALS DEPARTMENT 
BOUND BROOK, NEW JERSEY, U.S.A. 
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BY CALLING ON NAUGATUCK CHEMICAL 


TO PROCESS—ACCELERATE—PROTECT 


Start the New Year Right 


YOUR RUBBER PRODUCTS 


PROC ESSING LAUREX, activator BWH-1, plasticizer 
P 


Kralac A, high styrene resin ESEN, retarder 


ACCELERATING - MBTS OXAF 


PROTECTING 


THIURAMS—MONEX + TUEX «+ PENTEX 
DITHIOCARBAMATES—ARAZATE « BUTAZATE ETHAZATE * METHAZATE 
ALDEHYDE AMINES—BEUTENE + HEPTEEN BASE + TRIMENE BASE 
XANTHATES—CPB + ZBX 

SPECIAL ACTIVATORS—DBA + GMF + VULKLOR + DIBENZO GMF 


ANTIOXIDANTS 
AMINOX + ARANOX - BLE-25 + FLEXAMINE +* BETANOX SPECIAL 


. NEW! CELOGEN—Blowing Agent For Rubber and Plastics 


Naugatuck Chemical 
0. United States Rubber 


WAUCAT ULE CONMECTICUT 
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The whole family 
steps out in style! 


_.. thanks NEVILLE Coumarone Resins 


The buyer of shoes looks for style, light flexibility, comfort, 


Why not call on Neville's 
years of experience and 
“know-how” to help you in 
your particular problems. 


PRODUCTS OF TOMORROD 
hom THE CHEMICALS 
OF 


protection and long wear! 


The manufacturer, on the other hand, in order to guarantee these necessary 
celling points, seeks tensile strength, abrasion resistance, flex-life and uniform 


quality in the stock he uses for producing quality foot-wear! 


That's why Neville Coumarone Resins are being used in sole and heel 
compounding in ever-increasing volume. Through them manufacturers enjoy 
improved properties and production advantages, building tack in their 


ds without ificing hard . tensile or tear 


— 


THE NEVILLE COMPANY ¢ PITTSBURGH 25, PA. 


Plants at Neville Island, Pa., and Anaheim, Cal. 
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IDEAL FOR ALL STOCKS. Besides 
costing less than any of the five process 
aids it replaced, and its other advantages, 
Sundex-53 mixes easily with natural, 
GR-S and reclaim stocks. Here it is shown 
being added to a batch of heel stock. 


TICIZATION. By using Sundex-53 only, 
the company now produces a more 
uniform finished product. Quality heels 
will be blanked out of the stock leaving 
this warm-up mill and entering the cutter. 


SINGLE GRADE OF SUNDEX 


REPLACES 5 PROCESS AIDS 


Some years ago, as an economy 
step, the Beebe Rubber Com- 
pany, Nashua, N.H., tried to 
reduce the number of process 
aids it used. Five different types 
were being employed in the proc- 
essing of natural, GR-S and 
reclaim stock for heels, soles 
and soling slabs. 

A Sun representative who had 
been called in recommended 
replacing all five process aids 
with Sundex-53 and the com- 
pany took his advice. This one 
“general purpose”’ rubber-proc- 
ess aid has more than just sim- 
plified inventories and purchas- 


SUN INDUSTRIAL PRODUCTS 


SUN lL COMPANY, PHILADELPHIA 3, PA. © SUN OIL COMPANY, LTD., TORONTO & MONTREAL 


ing; it has proved advantageous 
in other respects besides. Because 
of the way it is refined, it works 
as well with light colored stock 
as with dark. it quickly breaks 
down reclaims and does not 
overprocess natural rubber and 
GR-S polymers. It costs less than 
the process aids it replaced, and 
has eliminated the potential dan- 
ger of mixing errors. 

For complete information on 
Sun Rubber-Process Aids, call 
the nearest Sun Office or write 
to Dept. RC-7 for the booklet 
“Processing Natural Rubber 


and Synthetic Polymers.” 
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CARBON BLACKS 


for RUBBER COMPOUNDING 


SAF (Super Abrasion Furnace) 
STATEX-125 


HAF (High Abrasion Furnace) 
STATEX-R 


MPC (Medium Processing Channel) 
STANDARD MICRONEX 


EPC (Easy Processing Channel) 
MICRONEX W-6 


FF (Fine Furnace) 
STATEX-B 


FEF (Fast Extruding Furnace) 
STATEX-M 


HMF (High Modulus Furnace) 
STATEX-93 


SRE (Semi-Reinforcing Furnace) 
FURNEX 


+ COLUMBIAN COLLOIDS - 
COLUMBIAN CARBON CO. ¢ BINNEY & SMITH CO. 


MANUFACTURER DISTRIBUTOR 
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Co., Detroit). Vice-Chairman...E. V. Hinaie (U.S. Rubber Co., Detroit). 
Secretary....W. J. Simpson (Chrysler Corp., Highland Park). Treasurer.... 
H. Hoeravr (U.S. Rubber Co., Detroit). (Terms expire December 31, 1952.) 
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Los ANGELES 


Chairman....R. L. SHort (Kirkhill Rubber Co., Los Angeles). Associate 
Chairman....D. C. Mappy (Harwick Standard Chemical Co., Los Angeles). 
Vice-Chairman....L. E. Bupnicx (Ohio Rubber Co., Los Angeles). Secretary 
....R.E. Brrrer (B. F. Goodrich Chemical Co., Los Angeles). Treasurer.... 
F. C. Jounston (Caram Mfg. Co., Monrovia). (Terms expire December 31, 
1952.) 


New 


Chairman....J. S. (R. T. Vanderbilt Co., New York). Vice- 
Chairman....G. N. Vacca (Bell Telephone Laboratories, Murray Hill, N. J.). 
Secretary-Treasurer....PeTeER P. Pinto (Rubber Age, New York). (Terms 
expire December 31, 1952.) 


NORTHERN CALIFORNIA 


Chairman....Netu McIntire (Oliver Tire & Rubber Co., Emeryville). 
Vice-Chairman....J. H. Houiister (Mare Island Naval Shipyard, Vallejo). 
Secretary....J. A. Sanrorp (American Rubber Manufacturing Co., Oakland). 
Treasurer....W. H. Dets (Goodyear Rubber Co., San Francisco). (Terms 
expire December 31, 1952.) 


PHILADELPHIA 


Chairman....T. W. Evkin (Armstrong Cork Co., Lancaster, Pa.). Vice- 
Chairman....G. J. Wyrouau (R. E. Carroll, Inc., Trenton, N. J.). Secretary 
Treasurer....ANTHONY D1 Maaaro (Firestone Tire & Rubber Co., Pottstown, 
Pa.). (Terms expire at meeting in January 1953.) 


Ruope 


Chairman....C. L. Kinasrorp (Davol Rubber Co., Providence). Vice- 
Chairman....R. G. Volkman (U. S. Rubber Co., Providence). Secretary- 
Treasurer....F. B. BurGcer (Kleistone Rubber Co., Warren). (Terms expire 
at fall meeting 1952.) 


SOUTHERN OHIO 


Chairman....JACK FreLpMAN (Inland Manufacturing Division, General 
Motors Corp., Dayton). Vice-Chairman....GeorGE Lane (Johnson Rubber 
Co., Middlefield). Secretary....R.J. Hoskin (Inland Manufacturing Division 
General Motors Corp., Dayton). Treasurer....Dayte BucHaNnan (Inland 
Manufacturing Division, General Motors Corp., Dayton). (Terms expire 
December _31, 1952.) 


Wasuineton, D. C. 


Chairman....T. R. Scantan (Gates Rubber Co., Washington). Vice- 
Chairman.... NORMAN BEKKEDAHL (National Bureau of Standards, Washing- 
ton). Secretary....GERALD RernsmitH (Army Office of the Chief of Ordinance 
Washington). Treasurer....PHit1p Mrrron (Army Engineering Research and 
Development Laboratory, Washington). Recording Secretary....ErHEe. Le- 
VENE (Navy Bureau of Ships, Washington). (Terms expire October 1952.) 
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NEW BOOKS AND OTHER PUBLICATIONS 


Rupser TecHNo.tocy. Edited by R. C. W. Moakes and W. C. Wake. 
Printed in Great Britain. American edition published by Academic Press, 
Inc., 125 East 23rd St., New York 10, N. Y. 5} X 8}in. 200 pp. $4.30.— 
In a commendable effort to acquaint the British rubber industry with some of 
the more recent advances in rubber technology, the Research Association of 
British Rubber Manufacturers organized a Summer School in Rubber Tech- 
nology at Croydon last year. The lectures given at the school were of so high 
a quality that it was soon realized that a more permanent record should be 
made available. Accordingly the lectures given at the 1951 session were 
compiled into this book. 

Although the present work is somewhat limited in scope, and it might be 
argued that it lacks the inner coherence that a single author would achieve, 
it is a most welcome addition to the rubber literature, since it covers fields not 
adequately surveyed in recent years. The rubber industry has long needed a 
comprehensive text-book, a point made by the editors of the current work in 
their introduction, and even though limited in scope, the book fills at least 
part of the existing gap. Actually, it will serve as a book of reference on com- 
pounding and on the instrumentation of the rubber testing laboratory. 

Seven lectures were given at the 1951 summer session, each of them by a 
recognized authority in his field, and all included in the book. The subjects 
and their authors, are: (1) Technology in 1951 and After, by J. R. Scott; (2) 
Latex: From the Tree to the Finished Article, by W. J. 8. Naunton; (3) Recent 
Developments in Compounding, by R. C. W. Moakes; (4) The Significance 
of New Aging Tests, by J. Mann; (5) Developments in Testing Instruments 
and Test Methods, by A. L. Soden; (6) Resources of the Woven Fabric De- 
signer, by W. E. Morton; (7) Statistical Techniques in Rubber Technology 
by W. C. Wake. 

The book includes a preface by H. Rogers, Chairman of the Research 
Association of British Rubber Manufacturers, which briefly outlines the 
activities of that organization. There is also a comprehensive, cross-referenced 
subject index, and a list of abbreviations used in the text. [From the Rubber 
Age of New York. 


InpusTRIAL Process Controu By StatisticaL Metuops. By John D. 
Heide. Published by McGraw-Hill Book Co., Inc., 330 West 42nd St., New 
York 18, N. Y. 6X9 in. 297 pp. $6.00—A good deal is heard these days 
concerning the application of statistical methods to the problems of industry. 
Too frequently the subject is confused with that of quality control, which 
is also proving itself in industry. The author of the present book divides 
statistical methods as applied to industry into three definite categories, the 
first concerned with control of industrial products and processes during manu- 
facture, the second covering the inferences which can be drawn about a lot 
or a series of lots of material by examination of a sample or samples drawn 
therefrom, and the third pertaining to the design and analysis of experiments. 
Wisely, he has confined the data in this book to that phase of industrial statistics 
pertaining to the direct control of the industrial process. 
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The book is essentially a “how to” work. It tells how to present process 
data graphically, how to construct frequency histograms and curves, how to 
estimate factory process distributions and their relation to process control, 
how to design and construct control charts, and how to tell the reliability of 
test results. Exercises appear at the end of each of the 14 chapters so that 
the reader can himself determine the value of the data presented, and apply 
the information to his own particular industrial problems. 

There are several special features concerning this book, which is actually a 
practical manual. For example, it is the first book exclusively devoted to the 
subject of industrial process control. Every problem cited in the book is 
actually a case history with which the author is familiar. The author has 
leaned on simple arithmetic and algebra rather than on complicated calculus. 
For these reasons adequate training is provided both in the statistical methods 
required and in the practical and technical problems of applying them to 
factory processes. The author, has been associated with the research and 
development department of the U. 8. Rubber Co. as an industrial-statistical 
analyst since 1942. [From the Rubber Age of New York.] 


PRESSURE-VOLUME-TEMPERATURE RELATIONSHIPS OF ORGANIC CoM- 
pounpbs. (8rd Edition). By Robert R. Dreisbach. Published by Handbook 
Publishers, Inc., Sandusky, Ohio. 11 X 8} inches. 315 pp. $10.00.— 
Fractionation of styrene must be carried out at subatmospheric pressures. 
When the Dow Chemical Co. began working with styrene some ten years ago, 
it became necessary to accurately determine the boiling point of the material 
at various pressures. Since these values were not known at the time, reference 
was made to a Cox Chart and vapor pressure-temperature tables constructed 
therefrom. Later, similar tables for compounds other than styrene were 
prepared. Three privately printed editions of these tables were made available 
by Dow, with whom the author is associated, and were found to be extremely 
useful. The current edition is the first to be made generally available. 

The book is actually a reference manual containing a compilation of accurate 
data on vapor pressure-temperature and latent heat of vaporization which are 
useful in both the laboratory and the plant. It presents simple methods for 
obtaining values of the boiling point at any pressure for all organic compounds 
belonging to any one of twenty-three families, values of latent heats of vapor- 
ization for these compounds, and values of the flash points of the compounds. 
In addition, it contains simple equations for securing additional data, such as 
accurate values of the rate of change of boiling point with pressure and critical 
temperatures of polar and non-polar compounds. Similar data for any 
compounds not belonging to any of the twenty-three families covered can be 
obtained by reference to the table for the nearest related family. 

A complete index is included which refers to the section where full ex- 
planations with examples are given for reading the tables. Page references 
are given for explanations, with examples, for the use of all equations. A 
discussion of the various families covered is contained in an appendix. [From 
the Rubber Age of New York. ] 


Tue PuysicaL CHEMIstTRY OF SurFace Fitms. By W. D. Harkins. 
Published by Reinhold Publishing Corp., 330 West 42nd St., New York 18, 
N.Y. 6XQin. 413 pp. $10.00.—The accredited author of this book died 
in March, 1951, almost immediately after he had finished the manuscript. 
The fact that the book was brought to a publication stage is a tribute to not 
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only the late Dr. Harkins, but to his many friends who made it possible. 
The book covers all the fundamental pioneer work accomplished by Dr. Harkins 
on the mechanism of liquid-liquid films and interfaces, surface tension, emulsifi- 
cation, energetics of surfaces, the nature of films on liquid and solid subphases, 
and properties of solutions of long-chain electrolytes. An introductory study 
of the electric layer, written by E. M. Verwey, is also included. 

Though some of the material has appeared in earlier publications, par- 
ticularly in the comprehensive series of volumes edited by Jerome Alexander 
under the title of “Colloid Chemistry”, the volume should serve as an excellent 
guide to the many advances in emulsion technology, including emulsion 
polymerization, on which Dr. Harkins was working at the time of his death. 
Much of the information is published for the first time. 

The book contains six chapters, as follows: (1) The Nature and Energetics 
of Surfaces; (2) Films on Liquids; (3) Films on Solids; (4) Properties of Soap 
Solutions; (5) Mechanism of Emulsion Polymerization; (6) The Role of the 
Electric Double Layer in the Behavior of Lyophobie Colloids. The latter 
chapter is the contribution of Mr. Verwey. There is also an extensive intro- 
duction by T. F. Young and a brief foreword by Peter Debye. A subject 
index is included. [From the Rubber Age of New York. ] 


CuemicaL Trap—e Names AND CoMMERCIAL Synonyms. By Williams 
Haynes. Published by D. Van Nostrand Co., Inc., 250 Fourth Ave., New 
York 3,N.Y. 6X Qin. 338 pp. $5.50.—Designed to help the busy chemist, 
this book is an up-to-date dictionary of more than 20,000 special names used 
in the chemical industry. A special effort has been made to enable the user 
to instantly make a distinction between commercial synonyms and trade names. 
The former are entered with a small first letter; the latter with a capital first 
letter. Further, each trade name is immediately followed by a key word or 
initials in parentheses which indicates the firm that controls or uses the partic- 
ular trade or brand name. In addition, the chemical composition or nature 
of the substance, as well as its use or uses, is indicated for each trade name 
listed. A section containing the complete names and addresses of all materials 
covered is included. The compilation is another valuable tool for all those 
dealing in any way with industrial chemicals. [From the Rubber Age of New 


York. ] 


Hanppook oF DanGcerous Mareriats. By N. Irving Sax. Published 
by Reinhold Publishing Corp., 330 West 42nd St., New York 18, N.Y. 7 X 10 
in. S848 pp. $15.00.—A digest of available literature concerning the hazard- 
ous properties of over 5,000 materials is presented in this comprehensive book. 
Information is contained of direct value to all those concerned with safely 
handling, storing or shipping chemicals and other dangerous items. All the 
materials, including trade-name products, are alphabetically arranged, cross- 
referenced, and indexed. Information furnished includes such data as maxi- 
mum allowable concentration, toxicity, flammability, storage and handling, 
physical properties, formulas, and shipping regulations. The book is unique 
in that it discusses not only ordinary chemical hazards, but hazards due to 
explosives, fungi and fungicides, and radioactivity. It is of further value in 
that it includes a complete, up-to-date set of I.C.C. shipping regulations. This 
handbook should prove of inestimable value to every safety engineer, plant 
superintendent, and others concerned with the handling and shipping of 
dangerous materials. [From the Rubber Age of New York. ] 
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THE CRYSTALLIZATION OF VULCANIZED NATURAL 
RUBBER AT LOW TEMPERATURES* 


E. W. Russeiu 


Royat Arrcrarr EstTaBLisHMENT, SoutH FarNBoROUGH, HAMPSHIRE, ENGLAND 


In the study of the behavior at low temperatures of natural and synthetic 
rubbers, apart from changes of a relatively rapid type, some attention has been 
given to the slow changes in properties which occur when certain rubbers are 
stored for prolonged periods at low temperatures. Most of these changes are 
associated with crystallization, in which portions of the molecular chains align 
themselves on a regular lattice and produce characteristic x-ray diffraction and 
birefringence effects. Only those rubbers possessing molecular regularity 
sufficient to permit the close alignment of the neighboring chains can crystallize. 
Thus those copolymers in which the components are each present in appreciable 
amounts and produce structural variations along the chains are usually amor- 
phous under all conditions. Stretching a rubber assists crystallization by 
orienting the molecular chains, but for the present discussion only the free 
crystallization of unstretched polymer is considered. 

The polymer most exhaustively studied has been raw natural rubber, and 
Wood! describes the phenomena of its crystallization and melting in a compre- 
hensive review. Unvulcanized natural rubber can be crystallized at tempera- 
tures between —50° and +20° C, and the crystallites melt over a range of 
temperatures which depends on the temperature at which they were formed. 
At a fixed rate of heating, melting commenced some 5° above the crystallization 
temperature and was completed after a further rise of 10 to 40° C. Samples 
crystallized at the lowest temperatures had the greatest range of melting. The 
rate of crystallization varied with temperature, passing through a maximum 
at about —25° C. 

Preliminary studies on the crystallization of vulcanized natural rubber have 
been reported by Bekkedahl and Wood?, whose work was restricted to two 
simple series of compounds of low sulfur content and to a single temperature. 
The rate of crystallization was much decreased, but the observed melting range 
was the same as for unvuleanized rubber. It has always been considered that 
in most practical compounds the rate of crystallization has been negligibly 
small but, as the optimum temperature is approached, under prolonged storage 
this may not be true. It is the purpose of the present work to extend the range 
of investigation to cover a wider variety of vulcanizates over a number of tem- 
peratures. Volume changes are simple to measure in mercury-filled dilatom- 
eters and are convenient for observation over long periods of storage. They 
were, therefore, chosen as the measure of crystallization in the same manner as 
was used by Bekkedahl and Wood. 


“ Reprinted from the T'ransactions of the Faraday Society, Vol. 47, No. 341, Part 5, pages 539-552, May 
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RUBBER CHEMISTRY AND TECHNOLOGY 


EXPERIMENTAL 


The Rubber Compounds Selected——The rubber compounds chosen were all 
simple gum stocks consisting only of rubber and vulcanizing agents, and varied 
only in the proportions of sulfur and accelerator and in the nature of the ac- 
celerator used. There were five types of mix, comprising seventeen different 
vulcanizates in all. Their compositions are given in Appendix I. 

Types A and B each consisted of four mixes accelerated with zine diethyl- 
dithiocarbamate (ZDC), the former with relatively high sulfur to accelerator 
ratios and the latter with low values. Type C consisted of four mercaptobenzo- 
thiazole (MBT) accelerated mixes with high ratios of sulfur to accelerator, and 
a single mix of Type E contained medium proportions of the same accelerator 
and sulfur. Type D included four sulfurless mixes vulcanized with tetra- 
methylthiuram disulfide (TMT) in varying proportions. 

The combined sulfur was estimated in the rubbers by determining the total 
sulfur remaining after thorough extraction with acetone, and digestion of the 
products swollen in ether with cold concentrated hydrochloric acid. The de- 
gree of cross-linking was determined from measurements of the equilibrium 
swelling of the rubbers in benzene, as described by Gee*®. Where Q,, is the 
equilibrium swelling (cc. of benzene absorbed per cc. of initial rubber), M, the 
mean molecular weight between cross-links was calculated from the equation: 


in which p, is the density of the rubber, Vo the molar volume of benzene and 
uw a constant having the value 0.395. Figure I shows the relations between the 


[Combined sulphuy 


Fira. 1.—The relation between combined sulfur and the degree of cross-linking of the rubbers. 
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CRYSTALLIZATION AT LOW TEMPERATURES 399 


values of 10*/M, and the combined sulfur content. The dotted line gives the 
theoretical relationship, assuming every sulfur atom to be used in the most 
efficient manner for cross-linking as a monosulfide link. The full line shown is 
Gee’s curve for unaccelerated sulfur compounds. Type A rubbers with high 
sulfur/accelerator ratios approximated to the unaccelerated compounds in be- 
havior, while in Type B with high proportions of accelerator the cross-linking 
efficiency was relatively high. The results were in line with those published 
for similar compounds with higher combined sulfur contents. Types C and E 
rubbers were intermediate in their behavior. In Type D rubbers vulcanized 
with tetramethylthiuram disulfide the results approached the theoretical curve. 
Unless considerable cross-linking through direct carbon-carbon bonds occurs, 
this indicates a high efficiency. 

Preparation and filling of dilatometers.—Pyrex capillaries approximately 30 
cm. long and 0.07 to 0.09 cm. internal diameter were calibrated by the method 
described by Harkins‘, and were sealed to Pyrex tubes of 1 cm. internal diameter. 
Rubber samples weighing approximately 1 gram were inserted in the dilatom- 
eters in the form of strips each measuring roughly 35 X5X2mm. A 
sealed tube of the same glass about 2 cm. in length and having a diameter just 
smaller than the internal diameter of the dilatometer bulb was dropped on top 
of the specimen and the bulb sealed off. This precaution was taken to avoid 
heating the rubber during the sealing without greatly increasing the effective 
volume of the bulb. 

In order to remove gas before filling, each dilatometer was evacuated and 
heated for 2 to 4 hours on a boiling water bath. Freshly boiled mercury was 
then run into the dilatometer before restoring the pressure to atmospheric. 
The system was allowed to cool to room temperature before pouring off the 
excess mercury, thus leaving the capillary completely full before cooling to the 
temperature of storage. The volume of mercury (1.3 to 1.7 cc.) was determined 
by weighing the dilatometer before and after filling. In order to determine the 
initial volume of the rubber samples, their densities were separately determined 
by hydrostatic weighing. 


TABLE 
COEFFICIENTS OF VOLUME EXPANSION OF THE RUBBERS 
Change in volume per unit volume per ° C 


Coefficient Coefficient 
X 108 Sample x 108 


Although not essential, it was found convenient to determine separately 
the volume coefficients of expansion of the rubbers. For this purpose the 
dilatometers were suspended vertically in a stirred alcohol bath, and the height 
of the mercury meniscus relative to a fixed mark on the capillary was measured 
with a cathetometer reading to 0.01 mm. Solid carbon dioxide was used to 
cool the bath and observations were made at 3 to 4° intervals within the range 
—36 to +20° C. The emergent stem correction was applied to all readings as 
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Fic. 2.—Volume-time relations of rubbers crystallizing at —26° C. Samples A, B. 


for mercury-in-glass thermometers. The mean apparent coefficients of expan- 
sion were calculated using the method of least squares to obtain the straight 
lines best fitting the experimental data. The coefficient of expansion of Pyrex 
glass was added to the calculated values to obtain the true coefficients for the 
rubbers. 

The results are given in Table I and are consistent with those of raw rubber, 
remembering that the hydrocarbon was diluted with 6 to 9 per cent weight of 
substances of relatively low coefficient of expansion. 

Measurement of crystallization.—Crystallization experiments were performed 
at four separate temperatures —2°, —17.5°, —26°, and —36° C. Vacuum 
flasks of about 1 quart capacity were half-filled with aleohol and cooled with 
solid carbon dioxide to the desired temperature. After an initial measurement 
as described below, the dilatometers were transferred to the vacuum flasks and 
these were placed in refrigerators at the required setting. The effect of the 
alcohol baths was to even out temperature fluctuations in the ambient air as the 
refrigerators switched on and off automatically. During periods when the 
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Fie. 3.—Volume-time relations of rubbers crystallizing at —26°C. Samples C, E. 
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Fic. 4.-—Volume-time relations of rubbers crystallizing at —26° C. Samples D. 


samples were withdrawn from the refrigerators for measurement, the tempera- 
ture was maintained manually by the addition of solid carbon dioxide. The re- 
corded temperatures of storage were the mean of values taken over prolonged 
periods. Apart from the set of experiments at —17.5° C, there was no appreci- 
able drift in the mean temperatures with prolonged storage; in this one case the 
setting of the refrigerator control required occasional alteration. The vari- 
ations in temperature of the alcohol from one reading to another were very small. 

Measurements of the height of the mercury in the capillaries were made at 
temperatures slightly above the storage temperature. No appreciable melting 
occurred during this small rise and it permitted observations to be made with a 
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Fic. 5.—The effect of temperature on the crystallization of rubber. Sample A4. 
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very slowly rising mercury meniscus. For samples stored at —2° C the tem- 
peratures of measurement were observed on a standard mercury-in-glass ther- 
mometer reading to 0.1° C. In each of the other cases a constant temperature 
was adopted and was measured by a sulfur-dioxide vapor-pressure thermom- 
eter. The dilatometer was quickly transferred to, and suspended vertically 
in, a Dewar flask containing alcohol cooled with solid carbon dioxide which was 
kept stirred and into which the thermometer dipped. The rates of tempera- 
ture rise at —17.5°, —26°, and —36° C were less than 0.3° C/min. Under 
these conditions there was no observable lag of the apparent volume of the 
sample behind its equilibrium value. Wood and Bekkedahl*, using much larger 


TaBLe II 
Times For THE TotaL VoLuUME CHANGE TO OccUR 
t = time (hr.); t.: = time relative to that of raw rubber 


Temperature of crystallization (° C) 
— 


-17.5° —26° 


Sample r t bret 


rubber 33 


dilatometers, observed no lag at 0.5° C/min. When the vapor pressure of the 
sulfur dioxide attained the desired value the height of the mercury meniscus 
was read on the cathetometer. 

The first few measurements of the volumes of the rubbers were made at 
short time intervals in order to establish the time scale of the experiments. 
For those samples and conditions in which the changes were rapid, it was nec- 
essary to repeat the experiments in order to cover the required time intervals. 
For those rubbers which crystallized the most slowly, readings were taken 
weekly. Measurements were continued whenever possible until no further 
volume changes were observed or until it was apparent that no crystallization 
would occur within a reasonable time. Thus at —2° C four samples exhibited 
no volume change after 7 months, and observations were discontinued. 

At —35°, —26°, and —17.5° C all the rubbers were found to crystallize. 
At —2° C four samples C1, C2, C3 and El did not decrease in volume during 
7 months, and one curve, that for sample D4, was incomplete at the end of that 
period. Figures 2, 3 and 4 show the volume changes plotted as a function of 
the time of storage at —26°C. The curves at —2°, —17.5°, and —35° C were 
similar in form. To show the variation of the crystallization rate with tempera- 
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ture Figure 5 was drawn giving the volume-time curves at each temperature for 
a representative rubber. 

All the experimental curves were of the typical sigmoid shape found by 
Bekkedahl and Wood for raw rubber and for their series of vulcanizates at 
2° C. The times required for half the volume changes to occur are given in 
Table II. These are readily determined from the curves, since the latter are 
steepest about these times, and errors in the estimates of the total volume 
changes have the least influence on the results. The data on raw rubber are 
estimated from the curve given by Wood and Bekkedahl’. As the reciprocals 
of these times measure the average rates of crystallization, it is seen that there 
are maxima in all the curves of rate as a function of temperature. The data 
are insufficient to locate these maxima precisely or to give more than a rough 
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Fie. 6.—The effect of the combined sulfur content on (a) the rate of crystallization at —26° C 
(curves 1 and 2) and (b) the extent of crystallization at —17.5° C (curves 3 and 4). 
SamplesA © SamplesC @ SampleE + 
SamplesB X SamplesD A 


idea of the general shape of the curves. The optimum crystallization tempera- 
ture for raw rubber is about —26°C, and those for the present series of rubbers 
are evidently close to this value. Using the t¢,.: values to compare the rates 
with those of unvulcanized rubber, it is seen that for the most lightly vulcanized 
samples such as Bl, B2, D1 and D2 the rates are depressed by a constant 
factor. Thus it is probable that for such rubbers the curves are the same shape 
as that for the raw rubber. For the most highly vulcanized samples, the t,: 
values decrease with the lowering of temperature. Now since: 


tret = t/traw rubber = Tate for raw rubber/rate for vulcanized sample, 


this indicates that the curves have altered in their form. They are no longer 
symmetrical about the ordinate through the maximum, which may have shifted 
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towards the lower temperatures also. This effect is seen most clearly in Table 
II in samples C1—4, D3, D4, and El. 

The extent of crystallization—The overall volume changes observed after 
crystallization of the rubbers permit only the estimation of the relative extents 
to which the materials crystallize. Many workers have attempted to obtain 
an absolute measure of the crystalline/amorphous ratio, based on x-ray 
diffraction or on birefringence measurements, or on densities computed from 
the dimensions of the unit cell. There have been wide disagreements in the 
conclusions reached. Goppel® in a recent paper reviewed this work, and from 
new data obtained values for unstretched raw rubber of the order of 30 per cent 
crystallized. 

It is a matter of some difficulty to estimate the complete volume change 
because in its final stages crystallization is extremely slow. Moreover, as 
pointed out by Wood and Bekkedahl’, repeated crystallization of the same speci- 
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Fic. 7.—The effect of cross-linking on the rate (curve 1) and extent (curve 2) 
of crystallization at —26° C. 


Samples B © Samples D + 
Raw rubber or peroxide cross-linked XX 


men did not always yield the same volume changes under conditions thought to 
be identical. Some scatter is therefore to be expected, though in the present 
series of experiments reproducibility on any given specimen was reasonably 
good. The final percentage shrinkages calculated to 100 parts by volume of 
rubber hydrocarbon are given in Figures 6 and 7. The data at —17.5° C are 
considered the best, though for one sample (C2) which crystallized the most 
slowly the change was insufficiently complete to permit a precise estimate. 


DISCUSSION 


The influence of combined sulfur on the crystallization process.—The effects 
of vulcanization on the crystallization of rubber are seen from the experimental 
results to consist of a reduction both in the rate and the extent to which it 
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occurs. In addition, the dependence of the rate of crystallization on tempera- 
ture is modified. It is therefore of interest to consider the factors which pro- 
_ duce this result. 

Figure 6, curves 1 and 2, show the time for half the total volume change to 
occur at —26° C plotted as a function of the combined sulfur. These results, 
based on the analytical data, are similar in form to those published? in which it 
was assumed that all the sulfur used had combined during the long period of 
vulcanization and that for the sulfurless mixes 13.3 per cent by weight of the 
accelerator combined with the rubber. In the present experiments, a compari- 
son of the calculated and observed values of the combined sulfur from the ac- 
celerator in the sulfurless mixes, indicated no appreciable differences between 
the two methods when plotting the rate curves. 

Figure 6, curves 3 and 4, shows the final shrinkage after crystallization at 
—17.5° C plotted against the combined sulfur content. In this case also the 
results for the nonsulfur mixes formed a separate curve. As each curve must 
extrapolate to the same value, that for raw rubber, the curve for the other vul- 
canizates was drawn above a few of the experimental points. 

During vulcanization sulfur is considered’ to react with the rubber hydro- 
carbon to form two types of linkage. In the first cyclic sulfide units are intro- 
duced into the chain with the formation of six (or possibly five or seven) 
membered rings such as the following: 


CH; CH; 
—CH:—CH:— 


The other mode of linkage consists of cross-links comprising varying numbers of 
sulfur atoms between different hydrocarbon chains. It is well known that 
molecular irregularity along the chains depresses or prevents crystallization al- 
together. Forexample pure polybutadiene®, emulsion-polymerized at —20° C, 
crystallized readily. Polymer prepared by the copolymerization with styrene 
so that 6.8 per cent combined, crystallized to a lesser degree; 16 per cent of 
combined styrene prevented it completely. Many other such instances of the 
effect of copolymerization or of chain branching have been recorded. The in- 
troduction of a bulky structure such as that shown above would evidently be 
expected to behave in a similar manner and to decrease the overall shrinkage 
observed by separating the chains and preventing them assuming the relative 
positions required for crystallization. 

Crystallization is usually regarded as originating in certain nuclei which 
then grow as the crystallites are formed. In rubber we may assume a nucleus 
to be formed when, under normal thermal agitation, two or more chains ap- 
proach each other so that individual links occupy the relative positions re- 
quired for the crystal lattice. The presence of bulky side groups along the 
chain diminishes the number of possible sites at which nuclei can form and, 
therefore, diminishes the probability of the formation of a nucleus in a given 
time. Now the rate of crystallization is dependent on the rate at which the 
nuclei are formed and on the rate at which they grow. Thus we see qualita- 
tively that combined sulfur should decrease both the rate and extent of crystal- 
lization in the manner observed. 

The influence of the degree of cross-linking on crystallization.—In order to see 
if cross-linking as such had any influence on the crystallization process, three 
samples of natural rubber cross-linked with di-tert.-butyl peroxide were sup- 


| ua 

4 4 

i 

3 2 


406 RUBBER CHEMISTRY AND TECHNOLOGY 


plied by the British Rubber Producers’ Research Association. The samples had 
been acetone-extracted under nitrogen, and dried to constant weight. Table 
III gives details of these samples and of their crystallization behavior at —26° C. 


Tas_e III 
PEROXIDE CROSS-LINKED RUBBERS 


i Half life 
M 

0.53 

1.14 

2.85 


To check the influence of cross-linking alone, only those results can be con- 
sidered for rubbers in which the hydrocarbon chains between the junction 
points are unchanged by the chemical process producing cross-links. This has 
been seen to be the case for Type B rubbers, where cross-linking efficiency was 
high. Assuming that, as is probable, this is also true for the Type D rubbers 
and the above peroxide vulcanized samples, Figure 7 has been plotted; it shows 
the time for half the total volume change to occur at —26° C as a function of 
the degree of cross-linking. 

At each cross-link, two chains are held with a constant distance between 
them. On each side a certain number of the links of the two chains, depending 
on the length of the cross-link, find it geometrically impossible to enter the same 
crystallite. At points remote from cross-links, the chain must behave as in 
the raw rubber and have the same freedom of movement. Intermediately 
there must be links which, because of the constraints of the cross-links, have a 
diminished probability of coming together in the manner required for crystal- 
lization. Thus, qualitatively, the number of possible sites at which nuclei can 
form is diminished and, hence, as shown in curve | (Figure 7), the rate of crys- 
tallization is depressed. Provided cross-links are not close together, each 
such junction point should on the average prevent the crystallization of a 
fixed number of links of the two chains. The linear plot of overall shrinkage 
against 10‘/M, shown in curve 2 of Figure 7 is in agreement with this. Extra- 
polation to zero shrinkage gives as a rough estimate an average of 8-9 isoprene 
units per chain on each side of a cross link prevented from crystallizing. This 
value must obviously be accepted with reserve, both because of the long extra- 
polation, the uncertainty in the absolute meaning of the M, values, and the 
oversimplification introduced in the above picture. 

The rate of crystallization —The experimental curves permit further observa- 
tions to be made on the kinetics of the crystallization process. As pointed out 
by Wood', the length of the induction period required for crystallization to be- 
come measurable may be regarded as a measure of the rate of nucleus formation. 
The maximum slope of the volume-time curve is a parameter which may de- 
pend oa the rate of nucleus formation, the rate of growth of the crystallites, or 
on both these factors. The induction periods were estimated by the extrapola- 
tion back to zero crystallization on to the time scale of the roughly linear steep 
portion of each of the curves. Both this and the time ¢ for half the total volume 
change to occur are measurements of the reciprocal of the corresponding rates. 
If the product of either of these parameters with the maximum slope were con- 
stant, it would show the proportionality between the measured rates. Table 
IV shows mean values at each of the experimental temperatures of these prod- 
ucts. 


Final 
volume 
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A8 1.97 
Al4 1.47 
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IV 
(Max. slope) 


(Induction Standard (Max. slope) Standard 
iod) deviation xt deviation 


These results show that the maximum and the average rate of crystallization 
each vary with the rate of nucleus formation as measured by the induction pe- 
riod. Not only are the products reasonably constant at a given temperature 
over a wide range of variation of the separate values, but they are also constant 
over the whole temperature range studied. Therefore, at least during the first 
half of the crystallization process, either the rate of nucleus formation is the 
controlling factor, or some one factor controlling both nucleus formation and 
growth must be assumed; two separate factors, which would each require the 
same temperature dependence, are improbable. 

It may be noted that these results are consistent with Avrami’s concept? 
of an isokinetic range, within which for a given substance and crystal habit the 
kinetics of phase change remain constant within a so-called characteristic time 
scale. Within this range the equation: 


V = 1 — exp (— 


applies, in which V is the volume of the new phase per unit volume of space, B 
and k are constants, and ¢ is the time. The applicability of this equation is 
illustrated in Figure 5 in which the volume change is plotted against log of the 
time. The curves each have the same shape and are superposable over much 
of their length by shifting them along the time axis, a condition required by the 
constancy of k. 
TaBLe V 
VALUES OF THE RATIOS t/r5l25 


Temp. (* 
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In Table V the ratios t75/t2s for the various rubbers are given, tzs and tes 
being the times for 75 and 25 per cent conversion. Using this criterion Avrami 
points out that values between 1.48 and 1.69 correspond to polyhedral crystal 
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growth and 1.69 to 2.2 to plate-like growth. The approximate constancy of 
the ratios for a given rubber is further evidence that the phenomena are iso- 
kinetic within the temperature range covered. The majority of the values lie 
within the limits theoretically required for polyhedral growth. 

The melting of crystallites—The complex behavior of rubber crystallites on 
melting has been described.2, Depending on the rate of heating, it takes place 
over a temperature range which varies with the temperature at which the 
crystallites were formed. This melting range depends only on the temperature 
of crystallization and not on its extent. If the process is carried out slowly, new 
crystallites form at the higher temperatures, and melting is then only completed 
after a further rise. By permitting partial crystallization at a temperature 7; 
and continuing the process at a lower temperature 7’; two sets of crystallites 
having independent melting ranges are produced. 
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Fia. 8.—The melting of crystallized rubbers ar varying rates of heating. 
Curve 1 0.2° C/min. Curve 2 2-3° C/day. Curve 3 Intermittently. 


AB, thermal contraction of amorphous rubber; BC, XY, crystallization; CD, ZX, thermal expansion 
of crystallized rubber; EF, E’F’, E”’F’”, melting of crystallites. 


Gee!® considers that as crystallization occurs, restraints on the chains re- 
tard growth and set up stresses. These stresses start the melting process if the 
temperature is raised, although the conditions still permit further crystallization. 
Crystallization of a vulcanized rubber will cease when the stress system set up 
is the same as that which when produced under similar conditions causes the 
process in raw rubber to stop. Hence, irrespective of factors such as cross- 
linking or the formation of bulky side groups which may assist in setting up 
stresses, the melting ranges of vulcanized rubbers should be the same as for raw 
rubber crystallized at the same temperature. With the rate of heating of 0.1 
to 0.4° C/min. used by Wood and Bekkedahl the observed melting range for 
each sample tested was the same as that given for raw rubber. Figure 8, 
curve 1, shows a typical example. 

The use of a vulcanized rubber permits very slow melting experiments to be 
made. If a sample is crystallized at or above the temperature at which the 
process is most rapid, further crystallization on warming is necessarily slower 
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and, by choosing the material which crystallized most slowly, melting may be 
observed over quite long periods without further crystallites forming. Samples 
Cl, 2 and 3 were crystallized at —26° C, and the temperature was very slowly 
raised. The dilatometers were immersed in alcohol in a Dewar flask, sur- 
rounded by a second Dewar containing alcohol and the whole apparatus was 
held in a refrigerator so that the ambient air temperature could be kept a few 
degrees above that of the bath. A temperature rise of about 2-3° C/day was 
maintained. A typical result is shown in Figure 8, curve 2. The curve was 
linear up to about — 9°C, after which the volume increased more rapidly and 
melting was complete at about 4° C. At first glance it seemed that the melting 
range was narrowed to within these limits, but on closer inspection the slope of 
the lower linear portion was found to be about twice that of the normal expan- 
sion curve of crystallized rubber. The value of the upper limit was slightly 
above that obtained during more rapid heating, suggesting that a small amount 
of crystallization occurred during the slow heating process. 

Samples of vulcanized rubbers crystallized at —17.5° C were heated to give 
a temperature rise of about 2° C/hr. up to —6° C, at which temperature they 
were held for 60 hours. Samples such as B1 which crystallized rapidly then 
showed a drop in volume XY on Figure 8, curve 3, whereas samples C1—C3 
remained constant. On cooling, one of these to —16° C the volume change 
followed the path XZ and on warming again to —6° C followed it in the reverse 
direction. The slope of this line corresponded to the normal processes of 
thermal contraction and expansion. The samples were then warmed to 0° C 
during 24 hours and maintained at that temperature. Melting proceeded 
isothermally and was complete in about 30 hours. 

If a rubber crystallized to its maximum extent is held at its crystallization 
temperature and then subjected to a small slow rise in temperature some melting 
occurs. On returning the sample to the original temperature, the initial state 
will be slowly recovered. Thus under these conditions the crystallites are in 
true equilibrium with the amorphous material at the temperature of crystal- 
lization. 

The volume coefficients of thermal expansion of crystallized and amorphous 
rubber are given" as 5.3 X 10-4 and 6.7 X 10~‘ respectively. Assuming that 
30 per cent of the rubber is crystallized the value for the coefficient for an actual 
crystallite (100 per cent crystalline) is 2.0 X 10~*. Taking the common con- 
cept of a crystallized polymer in which the molecular chains pass successively 
through amorphous and crystalline regions, it is seen that differential expansion 
forces must come into play on the crystallites when a system initially in equilib- 
rium is heated. It is felt that this provides a qualitative explanation of the 
linear melting curve. The forces produced should’ be proportional to the tem- 
perature rise. On heating in this manner, a condition is reached in which the 
forces are relaxed by partial melting. Cooling such a polymer as along XZ in 
Figure 8 produces no change in the state of crystallinity. This would be ex- 
pected, as local compressive forces alone will not produce the ordering required 
for crystallization. Reheating does not produce further stresses able to cause 
melting until the previous maximum temperature is exceeded. A sample of 
rubber partially crystallized at a temperature 7; and then further crystallized 
at a lower temperature 7, should behave as follows. Slow heating above 7, 
should commence to melt crystallites formed at that temperature. Until the 
temperature 7’, is attained, no melting of the first set of crystallites should 
occur. It is seen, therefore, that the two separate melting ranges described by 
Wood? are anticipated. 
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The second stage of melting consists of a relatively large volume change, 
which occurs in a narrow temperature range near the upper limit of the melting 
range previously described. This state appears to be analogous to the process 
of melting of an ordinary crystalline solid. It is interesting to note that, in a 
thermodynamic example given by Gee!®, the melting point of stark rubber was 
taken as the temperature at which melting was complete, i.e., at about that 
value at which it is now considered that melting in the classical sense occurs. 
There still remains a variation of this melting range with the temperature at 
which crystallization occurs, but as it is located near the previous upper limit 
this variation is quite small over a wide range of temperatures below 0° C. For 

° crystallization temperatures of —40 to —15° C it may be expected between —5 

a and 0° C, thereafter increasing more rapidly. In the absence of more experi- 
mental evidence any explanation must be somewhat speculative. Earlier sug- 
gestions that variations in the average size of the crystallites formed are the 
controlling factor may prove more valid to this simpler case. It has been 
pointed out that there is a critical size for a nucleus below which it is incapable 
of steady growth. Only if one larger than the critical size is formed by spon- 
taneous or stimulated fluctuations will it grow steadily. In polymers this condi- 
tion would be equivalent to the alignment of a sufficient number of chain-links 
for the total intermolecular forces to reach a value able to resist those produced 

by thermal agitation and the constraints of the network. With a rise in tem- 
perature there is thus a rise in the critical size needed for growth and a much 
diminished probability of its occurrence. 
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SUMMARY 


A series of natural rubber vulcanizates have been crystallized at —36° 
—26° —17.5° and —2°C and the changes followed dilatometrically. As for 
raw rubber there is a maximum rate of crystallization at about —26° C; vul- 
canization decreases the rate and alters the shape of the temperature-rate curve. 
The amount of combined sulfur is the chief factor in determining the rate and 
extent of crystallization of pure-gum vulcanizates. Cross-linking, where it is 
efficient so that the chains between the cross-links are chemically unaffected, 
also depresses the rate and extent of crystallization. 

The use of vuleanizates which crystallize slowly permits melting to be ac- 
complished at much lower rates of heating than was previously possible with 
raw rubber. Two stages of melting are distinguished the first occurring under 
the influence of forces between the crystalline and amorphous regions and the 
second analogous to the melting of low molecular weight crystalline substances. 
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APPENDIX 


The composition of the pure gum vulcanizates.—All the samples consisted of 
the following: 
Rubber (smoked sheet) 


Zinc oxide 
Stearic acid 


compounded with the ingredients given below. 


Mix 
Sulfur 
ZDC 


Mix 
Sulfur 
ZDC 


Mix 
Sulfur 
MBT 


Mix D1 D2 
Sulfur Nil Nil 
TMT 0.75 1.5 


All sheets press cured 30 minutes at 150° C. 
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MODULUS AND RELAXATION OF ELASTOMERS 
IN TORSION AT LOW TEMPERATURES * 


MELVIN Mooney W. E. WoLsTENHOLME 


GeneraL Lasoratories, U. 8S. Ruspper Co., Passaic, N. J. 


Second-order transition temperatures, 7',, indicated by volume or specific 
heat data, have been reported! for many high polymer elastomers. Studies? 
of the modulus-temperature relationship in the vicinity of 7, have revealed that 
the modulus below 7, is always enormously higher than above 7,. In the 
transition region, roughly from 7’, + 10° C to T,, the modulus values, as usually 
measured, show a progressive rise with decreasing temperature. However, 
these modulus values, usually measured less than 1 minute after loading, are 
strictly transient modulus values, since at 1 minute the deformation under con- 
stant load is far from being constant. The present investigation was under- 
taken to determine how the equilibrium modulus, if any exists, varies with 
temperature in the transition region above the 7’, temperature. 

The method employed was, in principle, to impose a fixed deformation and 
to measure the stress after a lapse of time sufficient for the stress to become con- 
stant. Cylindrical samples, of 0.25-inch diameter, were twisted one turn per 
inch in a cold bath, and the torque at constant twist was measured as a function 
of time. The measurements were continued in many cases for months, but in 
no case did the torque show any indication of approaching a limiting value other 
than zero. These tests therefore failed in their initial purpose, which was to 
establish and measure the equilibrium modulus. 

However, the torque-relaxation tests did yield some interesting data, which 
indicated that all the elastomers tested develop crystallinity or a similar-ordered 
state when subjected to prolonged strain at reduced temperature. Moreover, 
the equipment used was well suited to low temperature thermo-stress measure- 
ments—that is, measurements of stress in a cycle of temperature variation at 
constant deformation. Two thermo-stress curves on Hevea gum stocks extend- 
ing to low temperatures have previously been reported, one by Greene and 
Loughborough’ and another by Gehman, Woodford, and Wilkinson‘. In the 
present work thermo-stress measurements were made on a few elastomers at 
temperatures extending down as close to 7’, as was experimentally feasible. 


APPARATUS 


For this work it was essential to have a large number of controlled cold 
baths that could be maintained in continuous operation over long periods of 
time. To economize on space and cost, a single unit, called a cold bar, was 
built, providing 18 baths about equally spaced in the temperature range from 
—70° to +2° C. 

Details of the cold bar are shown by the photograph in Figure 1 and the 
sketch in Figure 2. The storage box at the left end holds four 25-pound cakes of 


* Reprinted from Industrial and Engineering Chemistry, Vol. 44, No. 2, pages 335-342, February 1952. 
This paper was precenten before the Division of Rubber Chemistry of the American Chemical Society at its 
meeting in Washington, D. C., February 28-March 2, 1951. 
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dry ice and is filled usually on alternate days. The water thermostat at the 
right is maintained at +2° C. The bar proper is fabricated from three pieces 
of 0.75-inch aluminum plate stock, bolted and welded together to form an 8-foot 


Fic. 1.—Cold bar with temperature range from —70° to 0° C. 
Dry-ice chest at left, thermostat bath at right. 


CHEST 


Fie, 2.—Sketch of cold bar showing aluminum channel containing 
individual cold baths and insulation of bar. 


channel, 7 inches deep and 7 inches wide. The dry-ice chamber and the water 
bath are bolted and welded to the opposite ends of the channel. At 6-inch 
intervals along the channel. aluminum plates 0.25 inch thick, are fitted and 
bolted inside the channel, forming 16 compartments. The cold baths consist 
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S456 78910 
CELL POSITION ALONG THE BAR 
Fie.” 3.-Temperature of individual cells along cold bar. 


COLD BATH TEMPERATURE 


of 0.050-inch gauge sheet aluminum boxes that fit in each compartment and are 
attached along one side to the 0.25-inch thick partitioning cross-pieces. The 
bottom and other three sides of each cold bath are thermally insulated from the 
cold bar. Commercial methyl alcohol is used in all cold baths excepting the 
thermostat bath, which contains a 60/50 mixture of water and alcohol. To 
test for possible absorption of the alcohol by the elastomer samples, a group of 


Fia, 4.—Torqueometer with sample mounted in position for measurement. 
Sample and holder shown in foreground. 
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samples was left in an alcohol bath for 20 days at —10° C. There was no 
swelling sufficient to be detected by micrometer gauge measurements. Also, all 
recovered samples, 7.e., samples returned to room temperature after several 
months in the low temperature alcohol baths, exhibited torque restoration to 
values expected for samples in air at room temperature. It was concluded that 
neither swelling nor leeching by the alcohol was sufficient to affect appreciably 
the torque of twisted samples. 
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Fia. 5.—Schematic diagram of torqueometer. 


The design of the cold bar, including the insulation, was based on three 
requirements: the temperature gradient along the bar should be reasonably 
constant; the total daily heat absorption should be less than that required to 
evaporate two 25-pound cakes of dry ice; and approximately 80 per cent of the 
heat should be absorbed from the thermostat bath. The insulation used was 
U.S. Royal Soft Cellular Sponge, which has a thermal conduction coefficient 
of 0.24 B.t.u. per hour per square foot per ° F per 1 inch thickness at 70° F. 
The thickness of the insulation was uniformly graded in 1-inch steps from 8 
inches at the cold end to 2 inches at the warm end. 

The approximate uniformity of the temperature gradient along the bar is 
shown in Figure 3, where temperatures of the cold baths are plotted against 
position along the cold bar. Dry-ice consumption averages about 20 pounds a 
day except during hot summer weather, when consumption increases to roughly 
30 pounds a day. 

Each test sample is mounted in an individual holder. In order to keep the 
samples from spiraling when twisted, they are held stretched 10 per cent. 
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During torque measurement the stretch is increased by a slight amount, but 
the twist is maintained constant within experimental error. Before settling on 
this procedure it was established that the required stretch variations did not 
alter appreciably the measured torque. The torqueometer and holders de- 
signed to meet these requirements are shown in the photograph of Figure 4 and 
the sketch of Figure 5. 

The torqueometer frame fits into the channel of the cold bar, and samples 
are not removed from the cold baths for measurement. Individual sample 
holders, A, of 0.050-inch gauge sheet aluminum, are clamped during measure- 
ment to the lower part of the frame by means of a small cam (not shown). The 
fork, B, at the lower end of the vertical shaft, C, fits into the saddle-shaped 
piece, D, attached to one end of the sample, FE. To free the upper end of the 
sample for torque measurement, this saddle piece is lifted free of the sample 
holder body by the adjusting screw, F, in the ring, G, at the upper end of the 
vertical shaft. The twisting moment of the sample then pulls the side of the 
ring against one side of the gap in the retaining bar, H. To measure the torque 
the sample is balanced by the chainomatic, 7, which is adjusted just to break 
the metallic contact between the ring and retaining bar. A milliammeter, J, 
connected through the contact to a dry cell, K, and suitable resistor, serves as 
an indicator. 

The torque range for the chainomatic alone is 10 gram-cm. Additional 
weights are added as required. The torqueometer is capable of detecting a 
0.3 per cent change in a twisting couple of the order of 100 gram-cm. 


EXPERIMENTAL PROCEDURE 


In the experimental procedure one end of the elastomeric rod is secured to 
the holder by tapering the end and pulling the 0.25-inch rod into a smaller hole, 
from 0.149 to 0.169 inch in diameter, in bottom of the holder, A, Figure 5. The 
other end of the rod is secured in a similar manner to the saddle, D, which can 
be positioned on the upper end of the holder by two removable pins. Each 
sample is then stretched until 10-cm. benchmarks on the central portion of the 
rod are elongated 10 per cent. In the stretched state of the sample the distance 
between the supports is approximately 6 inches. 

Two starting procedures were employed. In one procedure the sample is 
held chilled for 20 minutes and then twisted; in the other it is held twisted for 
20 minutes at room temperature and then chilled. 

The sample is twisted 6 revolutions, the saddle piece is pinned to the holder 
and the whole assembly is then clamped in the torqueometer. After fitting 
the fork, B, into the saddle, the fork and saddle are raised simultaneously by 
means of the adjusting screw, F, until the saddle clears the holder by approxi- 
mately 1 mm. The gap, H, in the retaining bar is next adjusted for metallic 
contact with the ring, and then the positioning pins are removed. The torque 
is then measured in the manner previously described. Readings are taken 
usually at 1, 2, 4, 8, and 16 minutes after twisting. On completion of such a 
set of readings, the pins are replaced in the saddle, the fork is lowered, and the 
sample holder is removed from the frame. Subsequent readings are taken more 
or less at convenience but approximately at equal intervals on a log time scale. 

In the thermo-stress investigation the twisted samples were first allowed to 
relax at room temperature or higher for a period of 1 hour or longer. For 
torque measurements the samples were then immersed in an adjustable low 
temperature bath, and the temperature was reduced in steps of a few degrees. 
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A check measurement at room temperature or higher was made at each step. 
At sufficiently low temperatures the samples became too sluggish for satis- 
factory torque measurement in the equipment used. The low temperature 
limit thus imposed was only 2° or 3° C above 77. 

The compounding and curing data for the nine gum stocks used in this 
program are listed in Table I. 


TaBLe 
COMPOSITION AND CuRE OF Srockxs TESTED 
Compounding (parts/100 parts elastomer) Cure 
Ste- 
aric Temp. Min- 
Elastomer i acid Antioxidant Accelerator Additional (°F) utes 
Hevea J 1.0 BLE¢ 180 


2.0 


a 


o 


2943¢ 
GR-S¢ 
Butyl No. 15 
Neoprene GN 
Paracril Bs 
41° F, PBD! 
Hycar OR 15 


@ Reaction product of diphenylamine and acetone. 

Mercaptobenzothiazole. 

¢ Butadiene/styrene, 90/10, polymerized at 41° F. 

4 Butadiene/styrene/isoprene, 80/10/10, polymerized at 41° F. 

¢ Butadiene /styrene, 72/78, polymerized at 122° F. 

Tetramethylthiuram monosulfide. 

¢ Phenylbetanaphthylamine. 

+ Piperidiniumpentamethylene dithiocarbamate. 

* Light calcined magnesia. ps 

i Copolymer, butadiene with 26% acrylonitrile, Naugatuck Chemical Co. 

Benzothiazolyl] disulfide. 

'Sodium-polymerized polybutadiene, 60° C, supplied by Government Laboratories, Akron, Ohio. 
Cured stocks contained 40 parts Wyex (MPC black). 

™ Diphenylguanidine. 


4.0 Mag.‘ 
0.3 


5.0 


55555 


EXPERIMENTAL RESULTS 


Interpretation.—Before presenting the data and curves obtained, certain 
questions of interpretation should be discussed. The normal curve for stress 
relaxation of a cured elastomer at or near room temperature follows closely the 
law: 

S=A—Blogt (1) 


within the time range from 10~* to 10*? days. Here S is stress, ¢ is time, and 
A and B are constants. This empirical law is indicated not only by the data 
of the present report, but also by many other data, published and not published, 
and it is assumed here that a linear torque-relaxation curve on a semilog plot is 
normal and standard. 

It is to be suspected therefore that, whenever a departure from a linear plot 
is found in the present measurements, some factor is affecting the results other 
than simple relaxation by release of secondary bonds and intermolecular slip- 
page. If there is any true equilibrium torque, as originally assumed, the re- 
laxation curve must eventually develop positive curvature and level off. Such 
curves, if obtained, would be interpreted as indicating the true thermodynamic 
equilibrium torque under the imposed twist at the given temperature. 
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Relazation and Crystallinity—In Figure 6, curves I, II, and IIT show results 
which are typical of an elastomer known to crystallize under favorable condi- 
tions. Curve I is the normal or standard relaxation curve at room temperature. 
When a sample, started at room temperature, is chilled to —20° C, the torque 
drops, as would be predicted by the kinetic theory of elasticity. This is shown 
in curve II. The complete drop L, to Le due directly to temperature change 
requires about 2 minutes, this time interval being required for approximate 
temperature equilibrium. The curve is then horizontal, or nearly so, for a time 
which varies with stock and temperature. Then the curve starts down, often 
abruptly, and reaches zero rather soon on the log-time scale. 


240 


LINEAR 
EXTRAPOLATED — — 
| 
TIME. DAYS 
Fic. 6.—Torque relaxation curves of Hevea gum stocks. I. Extrapolated standard relaxation curve 
at room temperature. Le and & are, respectively, the twisting couple and time in days at last observation 
orend. II. Torque drop L; to L2 for sample started at room temperature, and then immersed in —20° C 
th; t& is induction time or time at which experimental curve begins to drop below standard relaxation 
curve. III. Relaxation curve for sample started at —20° C; to is time at whieh torque becomes zero. IV. 


In comparison with curve III, shows effect of increased sulfur on torque relaxation at —20° C. 2 is 
torque on standard relaxation curve extrapolated to t. V. For linear relaxation law, L = Lo(1 — t/1.3). 


00! 


The zero torque reading is not due to any failure of the sample, for such 
samples develop torque again when restored to room temperature. It can be 
concluded that the loss of torque is due to crystallization of the sample, for 
there is no other known phase change which could be similarly induced in a high 
polymer elastomer. (Instead of true crystallization there may also be sub- 
crystallization, or the formation of crystal like molecular groups too small or 
too irregular to develop all crystal properties. Since in the present work it is 
impossible to distinguish between crystals and subscrystals, the two terms will 
be used interchangeably.) According to the principle of le Chetalier, if an 
elastomer develops crystallinity under strain, the required stress is necessarily 
thereby reduced; but reduction of stress to zero in well-cured stocks has not 
been previously observed. 

Unfortunately, there is no quantitative theory of the effect of crystallization 
on stress. The growth of crystallinity in a sample under constant twist is a 
transition from a nonequilibrium state toward an equilibrium state, and is 
therefore not covered by the crystallization theory developed by Flory®. 
Consequently, while proportionality between crystallization and stress effect 
may be assumed, the factor of proportionality remains unknown, and the 
amount of crystallinity cannot be calculated from the torque changes. 

The sample, shown by carve III, which was started and maintained at the 
test temperature, —20° C, is initially a bit higher in torque than the room tem- 
perature sample, but it soon relaxes and also crystallizes, going down to zero 
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torque in about the same time. The significance of the higher initial value is 
questionable, because of variability in the dimensions of the cured cylinders. 
Curve IV shows, by comparison with II and III, how more sulfur, 2.5 parts 
as compared with 0.25 part, inhibits crystallization. 
The curves of Figure 7 show the difference in behavior of J-948 (41° F, 
90/10 butadiene-styrene) with amount of sulfur. With only 0.5 part of sulfur 


| | 
STARTED AT R.T. 


ssa] PLACED IN -36°C. BATH 


J-948, 1.55 


x 


\ 
LeLe( 1-t) \ 
| 
Or 
TIME, DAYS 


Fie. 7.—Torque relaxation curve of J-948 gum stocks. All samples started 
and tested at —32° C except as indicated. 


100 


the compound shows marked crystallinity starting at 0.1 day, while the com- 
pound with 1.5 parts of sulfur only begins to crystallize at about 30 days, and 
crystallizes much more slowly on a linear time scale. 

Rates of crystallization, as indicated by the torque-time curves, vary not 
only in magnitude but also in the manner of variation with time. Some torque- 
time curves follow closely the linear law 


L = Ig (1 — et) 


L being torque, ¢ time, c a constant, and Lo the initial torque. 

This law is valid for curve III in Figure 6. The degree of approximation is 
shown by curve V, representing the above equation with c = 1/1.3 and ¢ ex- 
pressed in days. In Figure 7, on the other hand, the torque of J-948 with 0.5 
part of sulfur drops off more slowly than the linear curve, drawn with c = 1. 
Still other curves, not shown in the report, drop more abruptly than the linear 
law. This matter of rate relaxation by crystallization will be discussed further 
in connection with the summarizing data in Table,II. 

Hycar, when started at room temperature and tested at —16° C, gave the 
curve shown in Figure 8. This curve indicates considerable crystallization 
taking place up to 0.03 day, after which there was no further crystallization up 
to 1 day, when the sample broke. Polybutadiene, started at room temperature 
and tested at —37° C, showed a somewhat similar effect, except that in the last 
stage the rate of crystallization was reduced, but not to zero. 

Each stock tested has been tried at —70° C. The stocks could not be 
twisted at this temperature; hence in these tests the samples were all twisted at 
room temperature, then lowered into the dry-ice box at the colder end of the 
cold bar. In all cases when the imposed torque was reduced to zero, the samples 
remained twisted, without any reduction in twist. However, this observation 
is not very significant, as the definition of “remaining twisted” rests upon a 
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method of angle measurement which is inadequate for the purpose. There 
might be an undetectable return twist of a small fraction of a degree which, 
considering the stiffness in the vitreous state, would correspond to sizable 
torque. 

Curves have been obtained on over 100 torsion relaxation samples. Rather 
than show so many curves, it is preferable to give the results in tabular form, 
Table II. The notation, defined at the end of the table, will be clarified by 
referring to Figures 6 and 7. 

Data in some of the columns of Table II will not be discussed. Such data 
are recorded merely for possible future reference or for their possible value in 
other researches. The values of n, for example, may be of interest in connection 
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Fie. 8.—Hycar OR-15 torque relaxation curve. Torque drop, L2 to Ls, for this gum stock 
with 1 part sulfur indicates rapid initial crystallization up to 0.03 day. 


with studies of relaxation rate as a function of temperature. The columns of 
greatest present interest are columns 7 to 12. 

The value of L2/L,, the ratio of the torque after and before chilling from 
room temperature, has a predicted value, based on the kinetic theory of 
elasticity, equal to the corresponding ratio of the absolute temperatures, K2/K. 
Comparison shows that many of the observed values agree essentially with pre- 
diction; some are appreciably lower, and none are appreciably higher. The 
only apparent interpretation is that in those cases where the observed value of 
L2/L, is lower than predicted, some crystallinity develops immediately on 
chilling of the sample. 

On the basis of the expected form of the relaxation curve, the expected 
value of L,./L, is unity, L, being the final observed torque and L, the torque on 
the extrapolated standard relaxation curve. A value greater than unity would 
be found if the torque curve levels off at an equilibrium value. If L./L, = 0, 
crystallinity is definitely indicated. Study of the table will show that when- 
ever L,/L, = 0 the elastomer concerned is one which by other tests is known 
to be capable of crystallization. 

When L,./L, = 1, the simple interpretation would be that there has been 
relaxation entirely by intermolecular slippage, without any crystallization. 
However, this interpretation would not be correct for polybutadiene, samples 
No. 97 to 106. There is conclusive evidence that at —37° as well as —47° C 
this stock crystallizes; the value L./L, = 1 simply results from the fact that 
with this compound there is no appreciable induction period before crystalliza- 
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tion begins, and the subsequent rate of crystallization or relaxation is such as 
to give a linear torque-log time curve. 

The evidence for this interpretation is shown in Figure 9, curve I, sections 
A, B, and C, obtained in the indicated special treatment of sample No. 103, 
started and tested at —37°C. If the large relaxation over the period of 85 days 
was due exclusively to molecular slippage, the increase in torque on warming to 
room temperature would be in the ratio of the absolute temperatures con- 
cerned, or 1.26. The observed increase, from 34 to 166 gram-cm., is in the 
ratio 4.9; and it therefore definitely establishes crystallinity at —37° C. 
When the temperature was again reduced to —37° C, the immediate drop in 
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Fic. 9.—Effect of recovery and poiilins on sodium-polymerized polybutadiene carbon black stock. 
A. Sample started at —37° C. B. Same »le recovered at room temperature for 1 hour. C. Relaxa- 
tion of this ge: on rechilling to —37° an. Relaxation of a sample started at room temperature and 
then chilled to —37° C. 


torque was in the ratio 0.700, whereas the expected drop would be 0.795. This 
shows that some of the crystallization is immediately reestablished on chilling. 
Furthermore, the crystallization thus reestablished is greater than the crystal- 
lization established immediately by chilling a fresh sample first twisted for 20 
minutes at room temperature. This is seen by comparing the drop from the 
end of curve B to the beginning of curve C with the drop in curve D at_0.013 
day, when the temperature of this sample was reduced to —37° C. 


TABLE III 


FOR CRYSTALLINITY 
Ratio of final room temperature torque, L,, to final test temperature torque, L, 


Test torque temp. 
Sample rors] rate, rate, 
Stock no. (° C) Le/Ls Le/Le Ke/Ke 
J-948, 1.58 49 —46 0.4 2.47 1.32 
GR-S 67 —36 0.45 1.44 1.26 
GR-S 68 —46 0.52 2.86 1.31 
Paracril-B 91 0 0.9 1.25 1.09 
Paracril-B 95 —37 0.94 2.03 1.26 
Polybutadiene, 
sodium-type 103 —37 1.0 4.88 1.26 
Hycar-OR 111 —12 0.556 1.24 1.14 
Hycar-OR 112 —16 0.85 1.27 1.16 
Hycar-OR* —20 1.45 1.18 


«Sample of Figure 10 returned to room temperature after 3 days at —20° C. 
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The procedure indicated by curves A and B of Figure 9 was used to test for 
crystallinity in a number of other samples for which the torque had dropped, 
but had not dropped to zero. 

The results of these tests are given in Table III. Values of L./L, are as 
given in Table II. L,/L, is the ratio of the torque after return to room tem- 
perature to the last measured torque at test temperature. K,/K, is the ratio 
of the corresponding absolute temperatures, as given in column 8 of Table II. 

The data in columns 5 and 6 of Table III show that in all cases L,/L, > 
K,/K, and crystallinity is indicated. The observed ratio differences in some 
cases are small, notably for the elastomer Hycar; but the smallest difference is 
several times the estimated probable error, and all observed differences are in 
the same direction. Consequently the conclusion seems justified that all the 
above polymers are capable of some crystallization or subcrystallization under 
the highly favorable conditions of this test—namely, prolonged constant de- 
formation at a low temperature. 

If the crystallization effect on torque is strong enough to reduce it to zero 
in many cases, it would be expected that, in some cases at least, it could even 
reverse the sign of the torque. The apparatus in these experiments was not 
designed to measure negative torque, but when negative torque is suspected it 
is possible to release the sample and observe the twist angle assumed under zero 
torque. In a few samples the twist under zero torque was greater by a few 
degrees than the initially imposed six revolutions. The observed excess twist 
was as shown in Table IV. 


TaBLe IV 
Excess Twist ON RELEASE OF SAMPLE AT TEST TEMPERATURE 
Test 


Sample Excess twist 
no. (°C) (circular degrees) 


Stock 


Hevea, 0.25 S 0 7 
0 12 

—47 33 maximum 

( —47 36 maximum 
J-948 : —47 Noted but not measured 
3° —47 Noted but not measured 
Neoprene 0 Noted but not measured 
: 0 Noted but not measured 


Samples 8 and 9 were left released for an extended time. The maxima, 
given in the table, occurred at 8 to 16 days. The last readings, at 43 days, 
were 4° and 3°, respectively. The excess twist in these experiments is similar 
to the buckling phenomenon observed by Smith and Saylor® in samples of 
stretched raw rubber stored at —25° C. 

All experimental curves were compared with linear torque-time curves to see 
whether the linear law was obeyed and, if not, whether the departure was to- 
ward a slower rate or a faster rate of relaxation at the higher relaxation time. 
The conclusions from such comparisons are indicated by the letters a, s, f, or u 
following the ¢, figures in Table II. The significance of these letters is given 
at the end of the table. 

Stress-temperature measurements; quasiequilibrium moduli—The thermo- 
stress, or temperature-torque, curves were obtained on a number of samples by 
the method described in the experimental section. On the assumption that 
Neoprene has a melting point above room temperature and somewhat above that 
of Hevea, the Neoprene sample was raised to 50° C between the low-tempera- 
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ture tests. The results obtained on all samples are shown in Figures 10 and 11. 
Torque values have been converted to shear modulus. 

In spite of some scattering due to continued relaxation and to some torque 
hysteresis in the cycle, the general modulus-temperature relationship is clearly 
established. At and near room temperature the modulus follows, at least ap- 
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TEMPERATURE, °K. 


SHEAR MODULUS x 


Fie. 10.—Effect of temperature on shear modulus at constant twist. Each elastomer, except Hycar, 
measured at room temperature for 10 to 15 minutes before immersing for 30 minutes or longer in the next 
— temperature bath. Dashed line passes through absolute zero. Short vertical bar at left is 7’. or 
elastomer. 
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Fig. 11.—Effect of temperature on shear modulus at constant twist. Dashed line passes through 
absolute zero. Short vertical bar at left is 7. of elastomer. 


proximately, the law of proportionality to absolute temperature. At lower 
temperatures, as 7, is approached, there is departure from the proportionality 
law in the direction of lower modulus. Such a departure is presumably due to 
crystallization that occurs within the time of the measurements. There is no 
evidence of a rise in modulus even at temperatures only 2° or 3° C above 7,. 

These results differ somewhat from the two published thermo-stress curves 
on Hevea gum stocks referred to above’. While tabulated data were not pub- 
lished, it appears from the curves themselves that in both cases the increase in 
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stress with temperature above —50° C, while approximately linear, is somewhat 
less than proportional to absolute temperature. Furthermore, the curve of 
Greene and Loughborough, which was carried to lower temperatures, passes 
through a minimum at about —60° C, the stress at the lowest temperature, 
—65° C, being higher than at —60° C. With reference to this result, it is im- 
portant to note that the sample was tested under tension, not shear, at a fixed 
length, with no adjustment to allow for the thermal expansion of the sample or 
its support. This means that when the temperature was lowered, the sample 
elongation was slightly increased, because the coefficient of expansion of the 
rubber is higher than that of any rigid support. The slight increase in stress 
at —65° C, therefore, cannot be taken as applying to a sample tested at con- 
stant elongation. 
DISCUSSION 


The present experimental results require of any theory of the second-order 
transition in elastomers that it predict at 7, a discontinuity in equilibrium or 
quasiequilibrium modulus, or at least a very abrupt rise to the high value at 
temperatures below 7. A theory recently developed by Boggs* deals with 
equilibrium modulus near 7’,, but in its present form the theory is only semi- 
quantitative and cannot be tested by the experimental thermo-stress data. 
Also, the present results could be taken as support for the point of view, favored 
by some, that there is no real second-order transition, the apparent appearance 
of a new phase being due entirely to the very great increase in the relaxation 
time and the relatively short testing time so far used in observing apparent 7, 
phenomena. 

The torque relaxation data of this report preclude any possibility that the 
low-temperature thermo-stress data could represent any truly equilibrium state. 
The actual state is, at best, only one of quasiequilibrium, dependent on the 
fact that the series of torque measurements can be completed before there is 
time for appreciable crystallization or for appreciable further relaxation by 
molecular slippage. 

Since the present experiments have established a profound effect of crystal- 
lization on relaxation at low temperatures, they suggest that similar effects, 
though reduced in magnitude, may exist also at higher temperatures, at least 
up to the melting point of the polymer. In current theories® of relaxation, 
creep, hysteresis, and their interrelationships, the only mechanism considered 
is a release of stress by intermolecular slippage and movement to a configuration 
of lower free energy but equal internal energy. With a release mechanism in- 
volving crystallization, a state of lower internal energy, the interrelationships 
of various hysteretic phenomena will certainly be different. Static modulus 
tests of long duration, particularly at low temperature, may give different re- 
sults depending on whether they are carried out at constant load or at constant 
strain. 

The extreme complexities of low-temperature modulus lead to gross ir- 
regularities in the low-temperature stress, strain, relaxation, and set relation- 
ships. From a practical viewpoint, this signifies that laboratory methods in- 
tended to predict low temperature performance should duplicate as closely as 
possible the contemplated service conditions. For example, the proper type 
of test for a low-temperature gasket material would be a relaxation test, which 
measures the stress while the sample is under an imposed strain, not a com- 
pression set test’, which measures the set after release from strain. The oc- 
casional induction times of 10 days or more in Table III mean that a 4-day 
compression set test is too short for some elastomers. 
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Likewise, the low-temperature modulus tests described by Clash and Berg", 
and Gehman, Woodford, and Wilkinson‘ are much too short to be used as 
measures of static modulus. The transient character of the modulus measured 
in these tests has, of course, been recognized ; but there has not been previously 
any suggestion or demonstration that the long-time static moduli may fall so 
extremely low as to become zero or negative. 
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APPENDIX 


Current methods for measuring low-temperature modulus of elastomers give 
no valid indication of the equilibrium modulus at temperatures slightly above 
T., the second-order transition temperature. In an attempt to determine 
equilibrium moduli, gum vulcanizates in the form of 0.25-inch rods were held 
twisted at low temperatures, and torque was measured over time periods ex- 
tending to 5 months or more. However, the torque approached no limiting 
value other than zero, though torque was restored to near initial value if the 
sample was restored to room temperature. The conclusion is drawn that, under 
prolonged constant strain at a low temperature greater than 7’, all elastomers 
studied crystallize more or less, and the crystallization depresses the stress. 
The elastomers tested include 122° F GR-S and Hycar, which have not shown 
crystallization in other tests. 

A few samples were tested in cycles of temperature variation at constant 
twist. The quasiequilibrium shear modulus so measured obeys approximately 
the theoretical law of proportionality to absolute temperature. 

The conclusion is drawn that, if all 7, phenomena are not to be attributed 
entirely to viscosity effects, the equilibrium modulus must either have a dis- 
continuity at 7’, or have an extremely abrupt rise within 2° C above T,. The 
large reduction in stress caused by crystallization during constant strain will 
have to be recognized in testing procedures used in rating elastomers for low 
temperature service. 
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QUANTITATIVE CHARACTERIZATION OF CURE 


I. RELATIONSHIP BETWEEN MODULUS AND STRAIN OF 
PURE-GUM NATURAL-RUBBER VULCANIZATES * 


R. F. 


Barish Russper Propucers’ Research ASSOCIATION, 
Wetwyn Garpen City, Hertrorpsutre, ENGLAND 


INTRODUCTION 


In the past it has been customary to measure the stiffness of a vulcanizate 
in terms of the load required to produce a fixed elongation—the so-called modu- 
lus. Since the measurement was usually combined with determination of the 
breaking load, it was necessary to choose a high elongation (600 or 700 per cent 
for gum stocks) to ensure reasonable precision. 

The development of statistical theories of high elasticity has directed atten- 
tion to the desirability of making modulus measurements at much smaller 
elongations, of the order of 100 per cent, which can only be done satisfactorily 
if modulus and tensile determinations are performed separately. 

It is, or course, easy to measure the modulus at a low elongation directly. 
using some form of balance to determine the load; a simple instrument of this 
type which has been developed and used in these laboratories is described in the 
following paper. An even simpler procedure, which particularly commends 
itself when stiffness is used in the routine classification of rubber supplies, in- 
volves measurement of the elongation at a fixed load. In these laboratories 
extensive use has been made of this latter method, the stiffness of a vulcanizate 
being generally characterized by its strain, defined as the percentage elongation 
under a load of 5 kg. per sq. cm. of the unstrained cross-section’. 

While strain is a very simple quantity to measure, it is, of course, an inverse 
measure of the stiffness, a large figure denoting a soft rubber. This is found in 
practice to present some slight psychological difficulties, but nevertheless strain 
measurements are considered to be perfectly satisfactory for most purposes, 
and in particular there is no reason to criticize their use in the classification of 
raw rubber supplies. There is little doubt, however, that where any theoretical 
discussion of the data is intended, it is preferable to have modulus figures’. 

Theories of rubber elasticity are not sufficiently developed to predict with 
any precision the relationship that is to be expected between the three quanti- 
ties discussed above: modulus at 600 per cent elongation, modulus at 100 per 
cent elongation, and strain; in this paper are recorded the results of an experi- 
mental investigation of the relationship between the second and third of these. 


EXPERIMENTAL 


The B.R.P.R.A. strain tester! was used for the measurements described. 
It was provided with a range of weights giving loads from 2 to 10 kg. per sq. 
* Reprinted from the Transactions of the Institution of the Rubber Industry, Vol. 28, No. 2, April 1952. 


+h on pages 75-84: Part II is on pages 85-92: Part III is on pages 93-101, and Part IV is on pages 
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MODULUS AT 100 PER CENT ELONGATION KG/CM? 


Fig. 1.—The relationship between strain and modulus for ACS] compounds. 


Type of raw rubber Symbol Compound Mooney viscosity 
High modulus 
Low modulus A 35 +2 
Deproteinized 


Skim 
Smoked-sheet blend As stated 


Curve plotted from Equation (3) with C: = 1.5. 
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MODULUS AT 100 PERCENT ELONGATION KG/CM? 


~The relationship between strain and modulus for compounds TA57 and TC14. 


Type of raw rubber TA5S7 TCl4 
High modulus 10) 
Low modulus A 
Deproteinized 
Skim O 
All 35 + 2 Mooney. 
Curve plotted from Equation (3) with C: = 1.5. 
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em. Samples were stretched at the minimum load, allowed to rest 24 hours, 
then retested at the next higher load, and soon. (As a check, some specimens 
were further retested at the minimum load, and gave readings not differing by 
more than one unit from the original value.) 

Stress-strain curves from a wide range of available test-pieces were obtained, 
and from each curve readings were taken of the strain at a stress of 5 kg. per 
sq. cm. and modulus at a strain of 100 per cent; these pairs of results were 
plotted, and although some scatter was evident, a reasonably smooth curve 
could be drawn through the points. 

A more precise experiment was, therefore, designed and carried out, using 
4 rubbers in 5 different pure-gum compounds. The rubbers were: (1) a high- 
modulus smoked-sheet blend, (2) a low-modulus smoked-sheet blend, (3) a 
deproteinized crepe, and (4) skim crepe. 


9 


Vv 
« 
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6 7 8 
MODULUS AT 100 PERCENT ELONGATION KG/CM? 
Fria. 3.—The relationship between strain and modulus for compounds TC16 and TC5. 


Type of raw rubber TC16 
High modulus © 
Low modulus A 
Deproteinized V 
Skim oO 
All 35 + 2 Mooney. 
Curves plotted from Equation (3) with (a) C: = 1.5: (b) C2 = 2.5. 


The compounds are shown in the Appendix, TC9 not being used for this 
experiment; in each case they were mixed to a Mooney viscosity of 35 + 2, and 
were cured for 30, 40, 50, 60, 80, and 90 minutes at 140° C. 

A subsidiary experiment was carried out to determine the effect of mixing 
the compound to a different viscosity. An ACSI mix® was prepared under 
nitrogen in an internal mixer, and portions subsequently broken down on the 
mill so as to give a series of compounds having viscosities ranging from 15 to 78. 


: 

\ 

. 

\ 

\ q 

\ 

— 
| 

~ 

~~- 

So 

| 

4 


RUBBER CHEMISTRY AND TECHNOLOGY 


RESULTS 


Figures 1 to 3 record all the data obtained; modulus at 100 per cent elonga- 
tion (f100) was plotted against strain at 5 kg. per sq. cm. (S;). The full curves 
drawn on the three figures are identical and it is at once evident that over a 
wide range of rubbers, mixes and cures, the relationship between f1o0 and S; is 
very good indeed. Detailed examination of the data reveals some systematic 


2 
Fie. 4.—Mooney equation for ACS1 compounds. 
Type of raw rubber 
Cure HM LM 
30 min. at 140° C A 
50 min. at 140° C ry 10) 
90 min. at 140° C a 
All compounds 35 + 2 Mooney. 
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2 
Fia. 5.—Mooney equation for TA57, TC14, TC16. 


Type of raw rubber 
HM 


Compound LM 
TC16 
TC14 A A 
TA57 v V 


All compounds 35 + 2 Mooney. 
All cured 50 minutes at 140° ro 


departures from the curve; these can conveniently be considered by discussing 
the three figures in turn. 

Figure 1 (ACS1 compound) shows the curve to represent the relationship 
extremely well for all the rubbers studied, when the compound viscosity was 35. 
Using a single sample of smoked sheet, compound viscosity is shown to have no 
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influence so long as it does not exceed about 50° Mooney. Compounds mixed 
to a higher viscosity appear to deviate slightly, but it is clear that no departure 
would be expected with any stock mixed in a normal manner. 

Figure 2 shows that the behavior of vulcanizates from two other mixes 
(TA57 and TC14) is almost equally uniform; results for the skim rubber show a 
small departure which would be of little importance for most practical purposes. 

Figure 3 (TC16 and TC5) shows a more serious type of deviation; all the 
results obtained with T.M.T.‘-sulfurless compounds appear to fall on a curve 
different from the normal one, the difference becoming large for the skim rub- 
ber. These skim rubbers cured with H.B.S. also resemble the T.M.T. com- 
pounds in behavior. 


TABLE 1 


(a) VALUES OF C, AND C2; For Various RUBBERS AND COMPOUNDS; 
Visoosity 35 + 2 Mooney 


Compound 
TCl4 TA57 


> 


>) 
2 


Rubber Cure* 
High-modulus 30 
smoked 40 
sheet 


Low-modulus 
smoked 
sheet 


Deproteinized 
crepe 


1 
2 
2 
0 
0 
0 
5 
5 
5 
5 
5 
5 
9 
9 
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2. 
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2 
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2. 
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1. 


Skim crepe 


NEO 


— 


SNONDN Hb RODD 


© 
ow 

—) 
bs 


51 compound; viscosity as stated. 


Mooney Mooney 
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DISCUSSION 


The discrepancies which have been noted are of secondary importance to the 
main conclusion that there exists a very nearly unique relationship between 
strain and modulus for a range of pure-gum natural-rubber vulcanizates. The 
existence of this relationship implies that the load-elongation curves of the 
individual vulcanizates are all of the same general shape; that is to say, if an 
equation can be found for the load-elongation curve, it must contain only one 
parameter characteristic of the rubber. It is clear that the load-elongation 
curve deduced from the statistical theory satisfies this condition, for it contains 


only one parameter: 
f = Ci(a — a) (1) 


where f is the load at an elongation ratio a given by S = 100 (a — 1). It has, 
however, been abundantly established® that this equation does not describe the 
form of the curve satisfactorily. Much better agreement with experiment is 
found with the two-constant equation proposed by Mooney’*: 


f = Cila — a) + C2(1 — a) (2) 
= (Cia + C2)(1 — a) 


It is readily seen that a series of rubbers whose load-elongation curves are rep- 
resented by Equation (2) will give a unique relationship between fioo and Ss; 
under one of three conditions only: (1) C; is independent of the rubber; (2) 
C2 is independent of the rubber; (3) C; and C, are related. 

These three possibilities have been examined by determining C; and C; for 
the series of vulcanizates employed in the investigation. It follows from 
Equation (2) that f/(1 — a~*) should be a linear function of a with slope C; and 
intercept C, at a = 0. Figures 4 and 5 show some typical examples of this 
plot and Table 1 contains the values of C; and C, derived from the data. It 
will be seen that nearly all the values of C; lie between 1.5 and 2.0 and that 
there is no evidence of any systematic relationship between C,; and C;. Toa 
first approximation at any rate we may conclude that C; is independent of the 
nature of the vulcanizate within the range we have examined. There is some 
evidence that Cz increases with compound viscosity when this exceeds 50° 
Mooney’. 

Assuming C, to be a constant, it is easy to derive from Equation (2) a 
relationship between F(= fioo) and Ss ,in the form: 

875 (Ss + 100)? Ss — 100 


+ 0.875 Co- 


(Ss + 100)* — 10° Ss + 100 (3) 


This equation defines a family of cures in which Cris a parameter, and all of 
which pass through the point (F = 5, S; = 100) fanning out on either side. 
The curves of Figure 1 to 3 were calculated from Equation (3), using a value of 
C. = 1.5; it should be noted, however, that the curve is not very sensitive to C2, 
the broken line in Figure 3 being calculated with C2 = 2.5. The observed 
departure of the high viscosity compounds in Figure 1 is doubtless related to 
their higher C2 values. 


CONCLUSIONS 


The main conclusion of this paper is that it is possible to convert strain 
measurements at 5 kg. per. sq. cm. (Ss) to modulus at 100 per cent elongation 
(F) with considerable confidence and precision. Irrespective of the explanation 
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of this fact, it stands as a firmly established experimental observation. For 
convenience in carrying out this conversion, Table 2 has been calculated from 
Equation (3). 
TABLE 2 
Srrain—Moputus CONVERSION 

Strain is percentage elongation at 5 kg. per sq. cm. , 

Modulus is stress in kg. per sq. cm. to produce 100 per cent elongation. 
4 


8.65 
7.43 


Strain 


om 


© 


Como 


ONS 
ww 


The second conclusion is that the constant C, of the Mooney load-elongation 
equation is substantially the same for a range of rubbers and equal to 1.5 kg. 
persq.cm. Having regard to the insensitivity to C; of the relationship between 
F and S;, this second conclusion must be regarded as less certain, and the ex- 
planation offered for the main conclusion is, therefore, somewhat tentative. 


APPENDIX 


ComPouNDING DETAILS 


Compound 


ACSI TAS7 TC5 TC9 
Rubber 100 100 100 100 100 
3.5 1.5 


Sulfur 2.5 3.5 
Zine oxide 6 6 6 5 
Stearic acid 0.5 0.5 0.5 
Mercaptobenzothiazole 

(MBT) 
Benzothiazoly] disulfide 

(MBTS) 
Tetramethylthiuram 

disulfide (TMT) 
Diphenylguanidine (DPG) 
N-cyclohexy]l benzothiazy] 

sulphenamide (HBS) 


SUMMARY 


The object of this investigation was to determine whether the relationship 
between strain (elongation) and modulus is sufficiently close for one to be cal- 
culated from the other. Stress-strain data have been recorded for loads of 
2-10 kg. per sq. em. for a series of ACS1 and other pure-gum compounds. It is 
shown that the strain at a fixed stress (5 kg. per sq. cm.) is uniquely related to 
the load required to produce an elongation of 100 per cent. A tentative ex- 
planation of this observation is given in terms of the Mooney equation for the 
stress-strain curve. It is shown that the second constant of this equation does 
not vary greatly from rubber to rubber. 
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II. USE OF MODULUS AS A MEASURE OF THE STATE 
OF CURE OF PURE-GUM NATURAL-RUBBER 
VULCANIZATES 


W. P. FLetcHer, GEOFFREY GEE, AND 8S. H. 


British RuspBerR Propucers’ ResearRcH ASsociaTION, 
Wetwyn Garpen City, HertrorpsHtre, ENGLAND 


INTRODUCTION 


Since vulcanization consists essentially of the chemical reaction of cross- 
linking, it seems natural to select as a measure of state of cure some quantity 
closely related to the extent of cross-linking. It is well-known—and further 
evidence is described in Part II of this series that the amount of sulfur com- 
bined is an unsatisfactory quantity for this purpose, especially when compari- 
sons have to be made between different types of compound. Choice therefore 
lies between different physical properties of the rubber or secondary quantities 
derived from physical measurements. 

Statistical theories have related the degree of cross-linking of a vulcanizate 
to its elastic modulus' and to the extent to which it is swollen in a suitable 
liquid?. These theories are based on the assumption that a state of true thermo- 
dynamic equilibrium is attained; while this is readily achieved in swelling 
measurements, it is certainly not reached in a normal modulus determination’. 
This is easily seen by considering the extreme case of a piece of unvulcanized 
rubber, whose equilibrium modulus is zero, but for which a finite result would be 
recorded in any conventional modulus test. A swelling measurement is, there- 
fore, to be perferred to modulus as a primary measure of cross-linking, 1.e., state 
of cure. We shall, however, show in this paper that over the normal range of 
cure, modulus at 100 per cent elongation is a very satisfactory secondary stand- 
ard, and can, therefore, be used as a highly convenient quantitative measure 
of state of cure. 


APPARENT DEGREE OF CROSS-LINKING 


Flory? has analyzed the swelling of an ideal network in terms of the degree 
of cross-linking of the network and its interaction constant with the swelling 
agent. In this section we shall treat the vulcanizate as though it were an ideal 
network and thus arrive at what may be called the apparent degree of cross- 
linking, characterized by the reciprocal of a quantity M,’ which appears in the 
theory of the ideal network as the molecular weight between junction points of 
the net‘. If Q is the observed equilibrium swelling (cc. of liquid absorbed per 
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ec. of rubber), then Flory’s theory gives: 


1 (1+ Q)! 


py +O) — + — + (1) 
pt 


where p is the density of the dry rubber, V the molar volume of the swelling 
liquid, and yw the interaction constant, u has to be determined by a supplement- 
ary experiment, é€.g., a vapor pressure determination on a solution of the unvul- 
canized rubber in the same liquid, and for natural rubber in benzene has been 
found® to have the value 0.39;. Once uw is known, the apparent degree of cross- 
linking can thus be calculated for any vulcanizate by a single measurement of its 
equilibrium swelling in the appropriate liquid. 

The statistical theory of an ideal network' leads to a simple expression for 
the force f needed to elongate a sample in the ratio a: 


_ pkT 


(a — a) (2) 


where p is the density of the rubber, R the gas constant, and 7 the absolute 
temperature. It is thus reasonable to anticipate a close relationship between 
modulus at a fixed elongation and M,’, even though the modulus as normally 
measured cannot be identified with the equilibrium force f calculated in 
Equation (2). Experimentally it is found® that, for not too large elongations, 
the elastic behavior of a pure-gum natural-rubber vulcanizate can be repre- 
sented by the equation: 


f= Ci (a + C2 (1 — (3) 


The work reported in the preceding paper suggests that C2 is approximately 
constant and equal to 1.5 kg. per sq. em. for a range of rubbers. Inserting this 
value, and setting a = 2, gives for the modulus at 100 per cent elongation (in 
kg. per sq. em.) 


F = 1.75 C, + 1.31 (4) 


Comparisons of Equations (2) and (3) suggests that C; is likely to be deter- 
mined by 1/M,’. Experiments to test this view were carried out by measuring 
the modulus and equilibrium swelling in benzene of a series of vulcanizates. In 
Figure 1, F is plotted as a function of 1/M.’ (calculated from Equation (1)) for 
one such series; the equation to the full line is: 


108 
F = 36 X — + 1.31 (5) 

It is clear that, except for a grossly undercured compound (F < 4 kg. per sq. 
cm.), Equation (5) can be used to evaluate 1/M,’. Equation (5) is, of course, 
essentially empirical, but confidence in its use is increased by noting that the 
experimental slope (3.6 X 10‘ in this example) does not vary widely in the 
different compounds studied, and is very close to the value (1.75 pRT = 4.1 
xX 10*) indicated by the above argument. The relationship between swelling 
and modulus has been examined over a wider range by Rivlin and Saunders. 
Although their conclusions differ somewhat in detail from those presented here, 
they reinforce the suggestion made here that 1/C, is a reliable measure of 1/M-’. 
It is clear from Rivlin and Saunders’ work that if the experimental points 
plotted in Figure 1 had been extended to higher values of 104/M’,, it would have 
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been found that they lay on a curve, concave upwards. Equations (4) and (5) 
are, therefore, best considered as convenient interpolation formulas covering 
the range of modulus likely to be encountered in the testing of natural-rubber 
gum compounds. 
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10% MOLECULAR WEIGHT BETWEEN CROSS LINKS ) 
Fia. 1. ee between modulus and apparent degree of cross-linking na ~~ swelling 
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TRUE DEGREE OF CROSS-LINKING 

Although the quantity 1/M,’ determines the swelling behavior of a vul- 
canizate, it is easily seen that it does not measure directly the number of chemi- 
cal cross-links present. Before vulcanization commences, the raw rubber is in 
the form of a large number of independent molecules, and a network cannot be 
said to exist at all until sufficient cross-links have been introduced to link to- 
gether most of these. Flory’ has pointed out that if we consider a molecule of 
weight M and the weight between successive junction points as M,, a fraction 
2M./M will lie outside the network, and will, therefore, not contribute to the 
elastic properties of the network. Allowing for other types of network defect 
which may occur in practice, his final result is that, if 1/M-. measures the true 
degree of cross-linking, i.e, M. = true molecular weight between junction 
points in the real material, then: 


(6) 
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where g is a numerical constant which should be of the order of magnitude 1-10. 
Flory found that this equation could be applied successfully to a range of 
Butyl rubber vulcanizates, with a value of g = 3.3. 

Combining Equations (5) and (6) shows how the modulus depends both on 
the true degree of cross-linking and on the molecular weight M of the unvul- 
canized rubber in the mixed compound: 


10 | 


F= 


(7) 
where A is a new constant. 

The molecular weight of the raw rubber in a compound is not of course usu- 
ally known, but recent investigations in these laboratories indicate that it can 
be calculated with some reliability from the Mooney viscosity of the compound 
(V.), using the simple empirical equation: 


10-§ M = 0.0623 (V. + 18.7) (8) 


This equation is based on simultaneous measurements of the osmotic mole- 
cular weight and Mooney viscosity of a series of milled rubbers*. The Mooney 
viscosity of a compound and the molecular weight of the raw rubber extracted 
therefrom have also been shown to be in agreement with this equation. By 
using this result, Equation (7) is transformed into 


105 32.1 
V. +187 
The following paper is concerned with the practical use of this equation in 
studying the dependence of modulus on compound viscosity. Anticipating 
its conclusions, we may note that the equation is found valuable, and that 
while experimental estimates of A vary rather widely, a mean value of 3.27 kg. 
per sq. cm. (equivalent to a value of g = 7 in Equation (6)) is finally adopted. 
Using this value, it is now possible to calculate the true degree of cross-linking 
from the modulus and the compound viscosity: 


10° 105 
M. 3.27 7) 


THE DEFINITION OF STATE OF CURE 


In the preceding sections F has been shown to be a linear function of two 
different quantities 1/M,’ and 1/M, which measure respectively what we have 
termed the apparent and true degrees of cross-linking. We have now to dis- 
cuss which of these three related quantities can best be regarded as a measure 
of the state of cure of a vulcanizate. Arguments can be advanced in favor of 
any one of them, but from a practical point of view there are obvious advant- 
ages in selecting modulus, in that it is the only one of the three possibilities 
which we measure directly. For most purposes, modulus at 100 per cent elong- 
ation is an eminently satisfactory measure of state of cure, but we shall see in 
the two following papers that it requires modification when we wish to discuss 
(1) the dependence of modulus on compound viscosity and (2) the rate of 
development of modulus during vulcanization. To meet these difficulties while 
still preserving the practical advantages of a scheme based on modulus measure- 
ments, we therefore make the following proposals: 
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(1) Modulus at 100 per cent elongation is regarded as the normal measure 
of state of cure. 

(2) If we are interested in relating mechanical properties with swelling be- 
havior, it is necessary to deduct from the modulus that part of it, estimated as 
1.31 kg. per sq. em., which is independent of the rubber. Under such circum- 
stances we therefore measure state of cure by (F — 1.31), which is seen from 
Equation (5) to be proportional to 1/M,’. 

(3) According to either of these estimates, state of cure depends on the 
viscosity of the raw compound as well as on vulcanization. If we wish to have 
a quantity which is a function only of the raw rubber and vulcanization, we 
must add a further term to correct for the effect of the finite molecular weight 


of the rubber in the compound. We then arrive at the quantity (F — 1.31 


105 
Ve + 18.7 


It will be noted that this correction is opposite in sign to the first one, and usu- 
ally somewhat larger, so that the net correction to F is additive. This is the 
quantity which we use in the two succeeding papers. 

One other concept which may be mentioned is that of percentage cure. If F 
is the chosen measure of state of cure, we may speak of a full cure as the maxi- 
mum modulus attainable with a given compound at a specified temperature. 
Percentage cure is then 100 times the ratio of any other modulus to the maxi- 
mum. 

The most serious exception to these conclusions arises in the behavior of 
grossly undercured rubbers. For such materials, determination of modulus 
becomes very unsatisfactory, the value recorded being extremely dependent on 
the time of measurement. Figure 1 shows a typical example of the departure 
of modulus measurements from values calculated from Equation (5). At very 
low states of cure swelling measurements give a more reliable estimate of 1/M_,’, 
though even these become uncertain when an appreciable fraction of the rubber 
is soluble. Normally, we are not concerned with this region of cure, but the 
analysis presented above can be formally extended back even to the start of 
vulcanization by replacing F by an equilibrium modulus F*, so defined that the 
above equations always hold. These ideas find application in the study of 
rate of cure presented in Part IV of this series. 


+ ) which, according to Equation (10), is proportional to 1/M.. 


EXPERIMENTAL COMPARISON OF SWELLING AND MODULUS 


Portions of a single blend of No. 1 ribbed smoked sheet rubber were com- 
pounded according to the ACSI recipe (see Appendix to Part I) and cured for a 
range of times and temperatures in the form of test-pieces as used in the 
B.R.P.R.A. strain test®. Measurements of modulus at 100 per cent elongation 
were made on a simple machine developed in these laboratories and described 
in the next section. 

The equilibrium swelling in benzene was determined by Garvey’s method"®. 
The ends of the same test-pieces were removed and the central strips (10 cm. 
long) swollen in benzene for several days at 20° C until the length was constant. 
The volume swelling Q was calculated from the measured increase in length, 
and the apparent degree of cross-linking from Equation (1). 

The results of a typical experiment are recorded in Figure 1, the compound 
being mixed to a Mooney viscosity of V. = 50. A second series, in which the 
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compound vicsosity was 35 + 2, gave very similar results, except that the de- 
parture of F from the linear relationship was somewhat smaller. 


A SIMPLE MACHINE FOR THE MEASUREMENT OF MODULUS 


The machine is of the same general type as described by Flory" and is 
shown in the photograph, Figure 2. It consists of an ETA triple beam labora- 
tory balance modified in the following manner. The molded plastic pan which 
normally carries the article to be weighed is removed, and its support A, which 
passes through a clearance gap into the interior of the hollow base casting, is 
fitted with an extension rod. In the balance as supplied the lower part of the 
support is used in conjunction with a small pivoted lever to allow only vertical 


Fic. 2.—Modulus testing machine. 
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movement of the pan assembly, and this mechanism is retained intact. The 
extension rod carries a grip B of the type used in the B.R.P.R.A. strain tester’. 
Extending downwards and rigidly fixed to the base casting is a rod C. A 
second grip fitted with a cylindrical stud may be plugged into any of six holes 
drilled in the vertical rod. When the device is in its balancing position the 
distance between the two grips is such that the extension of the test piece held 
therein is, 0, 25, 50, 100, 150 or 200 per cent, depending on which hole is oc- 
cupied by the plug. 

In use, a standard strain test-piece is fixed into the upper and lower grips, 
and the lower grip is plugged in at the position giving say 100 per cent extension. 
The tension force of the rubber unbalances the machine, but the beam-stops D 
prevent more than a fractional movement of the beam and upper grip. Bal- 
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Fic. 3.—Load extension curves from strain test results. 
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ance is restored by the sliding weights E and from the graduated beam the 
load can be read. With gum rubbers, the device is sensitive to a change of 1 
gram in the load, the range being 0 to 2000 grams. An average reading for 
well cured compounds is in the region of 1000 grams. The balance is usually 
adjusted over a period of 1 minute in conformity with the stress relaxation, the 
modulus being recorded after that period under strain. 

As a check on the performance of the modulus tester, measurements of 
modulus at 100 per cent elongation were made on a series of test-pieces, stress/ 
strain curves for which had previously been obtained using the B.R.P.R.A. 
strain tester. Figure 3 shows the closeness of fit of the modulus points on these 
curves. 
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SUMMARY 


The purpose of this investigation was to develop methods of measuring state 
of cure which involved only measurements normally available or very readily 
made. Swelling measurements, although suitable in theory, suffer the practical 
disadvantage of being time-consuming, but it is shown that they can be re- 
placed very satisfactorily by modulus at 100 per cent elongation. This is a 
good practical measure of state of cure for most purposes, and simple correc- 
tions are developed which extend its range of usefulness. An easily constructed 
machine is described for the accurate measure of modulus at small elongations. 
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III. RELATION BETWEEN COMPOUND VISCOSITY 
AND VULCANIZATE STIFFNESS IN PURE-GUM 
NATURAL-RUBBER VULCANIZATES 


R. F. Buackwe.t, W. P. FLercHer, AND GEOFFREY GEE 


British Rusper Propucers’ ASSOCIATION, 
Wetwyn Garpen City, Hertrorpssatre, ENGLAND 


INTRODUCTION 


Experienced rubber compounders are well aware that the viscosity or 
plasticity of an unvulcanized compounded rubber has an effect on the modulus 
of the vulcanizate. It is a common experience, for instance, to find that the 
higher plasticity (softer) laboratory-mixed batch has a lower modulus when 
vulcanized than a corresponding factory-mixed batch. As long ago as 1925 a 
committee of the American Chemical Society in a report gave figures showing 
how the Williams plasticity and modulus were related; no application of this 
observation seems to have been made, although attention was recently redi- 
rected to its importance®. In another investigation in these laboratories, it 
was found that pure-gum compounds mixed in nitrogen so as to avoid break- 
down, generally gave vulcanizates of much higher modulus than those obtained 
from conventionally mixed compounds. 

These observations suggest strongly that the considerable mixing error ob- 
served both within and between laboratories in the evaluation of the vulcanizing 
characteristics of rubber would be substantially reduced if compounds were al- 
ways mixed to the same viscosity. As this would obviously be troublesome to 
achieve in practice, we have examined the alternative possibility of adjusting 
the results of vulcanization tests for variations in compound viscosity. It will 
be shown below that this is indeed possible. The adjustment is only approxi- 
mate, but does in practice result in a significant reduction of mixing error. 
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We therefore recommend that in all vulcanization testing which aims at 
precision the compound viscosity should be measured, and an adjustment made 
to convert the results to a standard viscosity. 


EXPERIMENTAL 


A study was made of the effect of compound viscosity on vulcanizate modu- 
lus, in which the aim was to cover the widest possible range of modulus and 
viscosity. A number of types of rubber were used, including skim sheet and 
skim crepe. Three different mixes (ACSI, TA57 and TC9) were employed; 
details of these are given in the appendix to Part I. 

To produce a range of stocks differing only in viscosity, the general method 
was to mix a large batch of compound, keeping breakdown to a minimum, and 
then to divide the mixed batch into smaller lots for further breakdown. Each 
lot was used to mold test-pieces on which either the strain at 5 kg. per sq. em. 
of the modulus at 100 per cent elongation was measured by methods described 
in the second paper of this series and elsewhere'. Where the primary measure- 
ment was in the form of strain, it was converted to modulus using the relation- 
ship established in the first paper of this series. All data are recorded and dis- 
cussed in the form of modulus. 


ANALYSIS OF THE DATA 


Although the aim of this paper is essentially practical, there are obvious 
advantages in considering what dependence of modulus on viscosity is to be 
expected on theoretical grounds. This problem is discussed in the preceding 
paper, where it is shown that the modulus at 100 per cent elongation (Ff) should 
be a function of two quantities, (1) the number of chemical cross-links intro- 
duced during vulcanization (measured by 105/M.), and (2) the Mooney viscos- 
ity V. of the uncured compound. An equation was derived which contained 
only one adjustable constant A, the value of which was expected to be close to 
1 kg. per sq. em.: 


13144 ( 


108 32.1 
M. V.+ 18.7 


It is convenient to write this in a new form by making the substitutions: 
B = 32.1A 
e = (V, + 18.7)" 


(1) 


B 105 

F = 1.31 + 32.1 x Be (2) 
¢ is now our new measure of compound viscosity and is chosen because theory 
predicts that F should decrease linearly with increase of e, if M. is kept constant. 
Now M, is a measure of the number of chemical cross-links in the vulcanizate, 
and should, therefore, depend only on the time of cure and not on V,._ For the 
purpose of this investigation we may, therefore, simplify the equation still 

further to the form: 
F=C — Be (3) 


This equation implies that if we take a series of similar compounds mixed 
from the same rubber but to different viscosities and give them the same cure, 
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MODULUS AT 100% ELONGATION Kc/cm? (F) 


FUNCTION OF MOONEY VISCOSITY, € 


Fig. 1.—Relationship between modulus and function e ipo viscosity, 


A57 compound 3 times of cure at 140° C. 


MODULUS AT 100% ELONGATION 


2 3 


FUNCTION OF MOONEY VISCOSITY, € 


Fie. 2.—-Typical relationships between modulus and function e of Mooney viscosity 
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their moduli will vary linearly with €. Moreover, if we repeat the experiment, 
using a different mix, there is no reason to expect a different dependence of F 
one. We should indeed anticipate a family of parallel plots of F against e, the 
absolute values of F and C differing widely, but with the slope B substantially 
constant. This then is the starting point of the analysis of the data, and in the 
following paragraphs we use the data obtained in this investigation to examine 
in turn a number of questions :-— 


(1) Is F found in practice to be a linear function of e? 

(2) If so, does the slope B depend systematically and significantly on any 
identifiable experimental factor, including (a) the absolute value of F 
at fixed €, (b) the time of cure, (c) the mix, or (d) the particular sample 
or rubber? 


(1) Figures 1 and 2 are typical of the many plots which have been made of 
F againste. The scatter of the points as shown here is typical, and it is difficult 
to be certain of the precise form of the relation between these quantities. 
Over the range of € = 1.35 to 2.30 (Mooney viscosity 55-25) the plot is in 
general reasonably linear, but there are systematic departures outside this 
range: the dependence of F on V, is greater at high V, and less at low V, than 
indicated by the linear F versus € plot. Over this central range there is, how- 
ever, no systematic evidence of general curvature, and no empirical equation 


TABLE 1 


Siopes oF F versus e Lines ror TA57 Compounps MIXED FROM 
Various RUBBERS 
Modulus at 


Mooney optimum cure Cure Slope at 
Rubber range and Ve = 40 range each cure in range 


38.5-51.5 A 
35-51.5 
38-52 
36-52 
35-49 
34-54 


30-57 
28.5-54.5 
30-54 


31-55 
29-52 
29.5-55 
37-55 
25-59 
25-57 
26-60 
31-46 
33-51 
26-43 


CORRS 


PR 
Ht >>> >>> 


Mean value 119. 


Cure ranges: A 30, 40, 50 min. at 140° C 
B 25, 35, 50, 65 min. at 140° C 
C 15, 20, 35, 60, 100 min. at 140° C 
D 15, 20, 45, 60, 100 min. at 140° C 
E 15, 25, 35, 45, 55 min. at 140° C 
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TABLE 2 


Store or Linear Part or F versus Lines ror TC9 Compounp 
with Two RuBBERS 


Mod- 
ulus at 

opti- 

mum Slope for stated times of cure at 140° C 


Cure cure 
Mooney temp and 35 40 50 60 

(°C) Ve=40 

120°C 88 

130 8.8 

140 7.8 

120 6.2 

130 6.2 

140 5.4 


Mean value 88. 


has been found which, when tested on the whole body of data, is more successful 
in covering a wide range of e. 

(2) Tables 1, 2, and 3 record values of the slope of F versus ¢ plots for a 
large number of vulcanizates in three different mixes, the recipes for which are 
given in the appendix to Part I. All these slopes refer to the linear part of the 
plot, covering the Mooney ranges indicated in the tables, and were in most 
cases estimated by regression analysis. In considering the rather wide scatter 
of the values it is of importance to note the substantial discrepancies between 
replicates (cf. e.g., triplicate observations on rubbers 7 and 8 in Table 1). This 
is not surprising, having regard to the fact that the total effect of compound 
viscosity is not very large, but it does of course limit the precision with which 
the effects of the different experimental factors can be isolated. 


TABLE 3 
Store or F versus Lines ror ACS1 Compounp Various RUBBERS 


Slope for stated times of cure 
Modulus at at 140° C (minutes) 
Mooney optimum cure A 
range and V. =40 
28-48 
28-48.5 
25-42 
25.5-43.5 
25.5-43 
25.5-40.5 
27-41 
28.5-40 
24-39.5 
27-38.5 
24-38 
22.5-35 
25.5-44 
25-45 
23.5-38 
24.5-39 
23.5-38 
24.5-40 
25-37 
24-38 


Mean value for each cure: 


AANA 


Grand mean 


65 80 100 
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(1) The effect of modulus level is always confounded with one of the other 
variables, but the data in Table 2 show some small systematic effect of modulus 
level which is more clearly brought out by a plot of slope against modulus level. 
Tables 1 and 3 show no similar trend, and it is clear that if present the effect is 
masked by other variations. 

(2) In the ACS1 mix (Table 3), the slope shows an apparent minimum at 
the intermediate time of cure; this corresponds roughly to the time to maximum 
modulus. No such effect is shown by either of the dual-accelerated mixes 
(Tables 1 and 2). 

(3) Taking grand means of the results in the three separate tables shows an 
effect of mix, but it is small compared with the overall spread of the results. 

(4) Considering any one mix, the largest source of variation appears to be 
in the rubber. Evidence is lacking as to whether a rubber which gives a high 
slope in one mix will also give a high slopes in other mixes. 


ADJUSTMENT OF MODULUS DATA FOR COMPOUND 
VISCOSITY VARIATION 


If we average the slope B over all the rubbers and mixes studied, a value of 
105 is obtained. This then is the value to use if a single adjustment scheme is 
to be applied to all rubbers and all mixes. We write for the modulus F meas- 
ured at any arbitrary values of e: 


F =C — 105¢ 
The value F, calculated for the standard value of « = €, is 


F, = = 105¢€, 
whence 
F, — F = 105 (€ — ¢,) 


The values of this function for e, = 0.0170 (V. = 40) are given in Table 4 for a 
range of V, from 25 to 55; the figures give the amount to be added to the meas- 


TABLE 4 


ApJUSTMENT OF 100 Per Cent Moputus VaALuEs To 
CoMPOUND VISCOSITY OF 


This table gives adjustments to be added to 100 per cent modulus values for Mooney 
viscosity (V.) sei 25 and 55. Values may be linearly interpolated. 
Ve 0 1 2 3 4 5 6 7 8 9 
+0.61 +0.56 +0.51 +046 +0.41 
37 +0.29 +0.25 +0. +0.17 +0.13 +0.09 +0.06 +0.03 
—0.03 -—0.06 -—0.09 -0.14 -—0.17 -—0.19 -—0.22 —0.24 
26 —0.28 -—0.30 -0.32 —O0. 35 —0.37 


ured modulus in order to calculate the modulus to be expected if the compound 
had been mixed to viscosity 40. This value is the average attained in routine 
mixing of pure-gum compounds for the purpose of the technical classification 
of natural rubber. 

Two further questions have now to be examined: (1) In view of the large 
scatter of B values recorded earlier in this paper, can we be sure that a single 
adjustment scheme will always reduce the mixing error? (2) Would it be 
possible to devise more accurate adjustments applicable only to more limited 
conditions, e.g., to one mix only, and possibly to a single time of cure? 

The answer to the first of these questions seems to be fairly certainly in the 
affirmative. In no single case of the many recorded in Tables 1 to 3 is the 
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measured slope more than twice or less than half the average. Allowing for the 
large experimental error, it appears safe to conclude that the true spread is not 
so large that adjustment could ever be positively harniful. In the vast major- 
ity of cases a substantial diminution of the effect of compound viscosity is to 
be anticipated, with a consequent reduction in the mixing error. An indication 
of the order of improvement found in practice is presented in Table 5, which 


TABLE 5 


ApsusTMENT TO Mooney Viscosity 40 or 100 Per Cent Moputus 
GIveN BY 26 BatcHEes or CompounD 

Measured value Adjusted value 
modulus at 100 Adjustment modulus at 100 

per cent elongation from Table 4 per cent elongation 
(kg. per sq. cm.) kg./cem.? (kg. per sq. cm.) 

6.29 

5.72 

5.72 

5.68 

5.47 

6.01 

6.07 

5.91 

5.86 

5.64 

5.44 

6.01 

5.68 

5.68 

5.59 

5.68 

5.68 

5.86 

6.01 

5.86 

6.07 

6.07 

5.72 


5.81 


Mio Wrininining 


NOS 


| 


Range 1.09 Range 


S 


records the observed and adjusted modulus given by 26 batches of ACSI com- 
pounds, all mixed from a single lot of raw rubber; the range is seen to be ap- 
proximately halved by the adjustment. 

As regards the second question, it is true that a smaller spread of slopes is 
found if instead of considering Tables 1 to 3 as a whole we restrict attention to 
one time of cure and one mix. Having regard to the conclusion that the main 
source of variation arises from the rubber samples, it is doubtful whether any 
advantage which resulted from such a treatment would be sufficient to out- 
weigh the disadvantages of having to use a number of different systems of ad- 
justment. 

ROUTINE USE OF THE ADJUSTMENT 


Where measurements are made of modulus, the adjustment is made simply 
by addition or subtraction of the amount corresponding to the compound 
viscosity indicated in Table 4. For measurements of strain at 5 kg. per sq. 
cm. the adjustment varies with the level of strain, and may then be made with 
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reference to the nomogram (Figure 3). Thus in the example shown, the com- 
pound was mixed to V, = 30 and gave a vulcanizate having S; = 78; the ad- 
justed figure at V. = 40 is seen to be Ss = 70.8. 


MOONEY VISCOSITY 


(% 9) NIVYLS 


+ +++ 


MEASURED STRAIN (%) 


Fic. 3.—Nomogram for adjusting strain values to a Mooney compound viscosity of 40. Example: A 
comer mixed to 30 Mooney gives a strain of 78 per cent. he nomogram shows the adjusted value to 
be about 70.8 per cent. 


SUMMARY 


The aim of this investigation was to study the dependence of vulcanizate 
stiffness on the compound Mooney viscosity, and if possible to derive a method 
by which account could be taken of variations in viscosity in order to reduce the 
so-called mixing error in batches of test compound. Investigations covering a 
range of compounds, raw rubbers, and curing times gave results which for the 
practical range indicated a relation between modulus at 100 per cent elongation 
and Mooney viscosity. Using the relationship thus established, a method of 
adjusting modulus results to correspond to a standard Mooney viscosity was 
derived. Application of the scheme to batches of ACS1 compound mixed from 
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parts of the same lot of homogeneous raw rubber led to a considerable reduction 
in the range of modulus values. 
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IV. DEFINITION AND MEASUREMENT OF RATE 
OF CURE FOR PURE-GUM NATURAL-RUBBER 
COMPOUNDS 


GEOFFREY GEE AND S. H. MorreE.u 


British Rusper Propucers’ ReseaRcu AssoctaTION, 
Wetwyn Garpen City, HertrorDsHIRE, ENGLAND 


INTRODUCTION 


Despite the widespread use of the terms fast-curing and slow-curing, it is 
safe to assert that there is no generally accepted definition which would attach 
a quantitative significance to rate of cure. The purpose of this paper is to put 
forward some suggestions as to the lines along which this problem can be ap- 
proached and to present some relevant experimental results recently obtained 
in these laboratories. The relation of this method to another recently pro- 
posed is discussed in the appendix. 

It is shown in Part II of this series (referred to below as II) that the state of 
cure of a vulcanizate is very satisfactorily determined by the modulus at 100 
per cent elongation (F), corrected if necessary to remove contributions which 
do not change during vulcanization. It is with the corrected modulus that we 
are concerned in this paper, since our aim is to discuss methods of determining 
the rate at which the cross-linked structure is built up during vulcanization. 
Our measure of state of cure in this paper will therefore be: 


105 


131 + (1) 


where V, is the Mooney viscosity of the compound. 


THE UNCURED COMPOUND 


Since X measures the number of chemical cross-links, it must be zero at 
zero time, and Equation (1) gives a calculated value for the modulus F, of the 
uncured compound. 

105 


2 
(2) 


In general, this quantity will be negative unless V. > 61) and it is clear that it 
does not correspond with anything physically measurable. We have here in- 
deed an extreme case of the difficulty discussed in (II), where it was pointed out 
that at very low cures the modulus fails to measure the degree of cross-linking. 
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Equation (1) should therefore be written in terms of the equilibrium modulus 
F*, where this differs from F, and in particular, for the uncured compound, (2) 
should be replaced by: 


105 
V. + 18.7 


F.* = 1.31 — (3) 


Although F,* is unobservable, it is nevertheless a quantity of considerable 
importance, as it gives a measure of the state of the unvulcanized rubber. 
Moreover, in any attempt to represent the time dependence of F, it fixes the 
initial point through which the curve should pass at zero time. 


RATE OF CURE 


Our definition of rate of cure should describe some quantitative measure of 
the way in which F (strictly, X) increases with time. The alternatives would 
seem to be (1) the absolute rate of increase of F with t, t.e., dF /dt, measured, 
e.g., in kg./em.~? min.~!; and (2) a velocity constant (if one can be found) 
which defines the shape and slope of the modulus-time curve. The latter alter- 
native is much the more attractive, since dF’/dt is difficult to measure and varies 
rapidly during the course of vulcanization. On the other hand, there is no a 
priori reason to expect the time-dependence of F to follow any simple kinetic 
law: vulcanization is not a simple chemical process and our knowledge of its 
detailed course is still scanty. In what follows, therefore, the immediate ob- 
jective is only to find convenient ways of defining and measuring a velocity 
constant which can be used to characterize the time-dependence of modulus. 
The interpretation of such a constant in terms of chemical reactions lies out- 
side the scope of this paper. 


NONREVERTING COMPOUNDS 


In the absence of reversion, F* increases with time from the initial value 
F,* calculated from Equation (3) to an observable limit F, at long times of 
cure. Following the argument set out above, we have to find an empirical 
kinetic equation for X. The simplest type of equation, which we shall see later 
is in fact very satisfactory, represents the increase in X as kinetically of the first 
order, that is: 

X = Xz (1 — e*) (4) 


Thus a vulcanization rate constant k, having dimensions time, can be un- 
ambiguously defined and can very reasonably be termed the rate of cure of the 
compound. The modulus F, at time ¢, is given by: 


F = Pes (Fo F.) (5) 
or, taking logs: 
kt = In — F.) — In — F) (5’) 


The two parameters in this equation are F,, and k. The former is deter- 
minable experimentally by carrying out a long-time cure; k can then be cal- 
culated from a second modulus measurement, preferably chosen so that F ~ 
0.8 F.. In principle it is unnecessary to carry out the long-time cure needed to 
measure F,, since any two modulus measurements can clearly be used to ob- 
tain k and F,. A convenient method is to make two measurements F, and F; 
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at times 7 and 27, whence: 
(F, — F.)? 


] F, — F, 
b= 


(F, is given by Equation (3).) 
REVERTING COMPOUNDS 


It is well known that the modulus of many compounds passes through a 
maximum as the time of cure is progressively increased. This implies either 
that some at least of the cross-links are unstable, or that vulcanization is ac- 
companied by a reaction in which molecular chains are broken; this latter process 
would reduce the modulus in the same way as would loss of cross-links. In 
order to describe the complete vulcanization curve it is necessary to introduce 
at least one further parameter to define the breakdown or reversion process. 
If, as later data suggest, reversion is never complete, still a fourth parameter 
becomes necessary to describe the modulus at infinite time. 

We are not concerned in this paper with a detailed study of reversion, but it 
it is necessary to discuss how the occurrence of reversion affects the problem of 
estimating the rate of cure. The first point to be noted is that the reaction 
responsible for reversion presumably starts right from the beginning of vul- 
canization, so that the modulus only measures the net effect of cross-linking 
minus reversion. 'Two methods of analysis are, therefore, possible: 


(1) Ignore the fall of modulus at long times of cure, take the maximum 
modulus as a measure of F,, and characterize the rising modulus as in para- 
graph 4. 

(2) Attempt to separate the effects of cross-linking and reversion by a more 
detailed analysis of the whole curve. In this case F, must be understood to 
mean the maximum modulus which would have been attained had reversion 
been absent. It thus becomes an unobservable quantity, and all we can say 
in general is that it must be somewhat larger than the observed maximum 
modulus Fy. 


Although we have not made much progress in applying the second method 
of analysis to actual data, it is perhaps of interest to illustrate the kind of be- 
havior predicted by a very simple theoretical treatment. We assume that all 
the cross-links are unstable, and that they break down unimolecularly, with a 
rate constant A times that of the cross-linking process. (Rate constant for re- 
vision k, = Ak.) It is then easily shown that Equation (4) must be replaced 
by: 

Xx 


x e~*t) (8) 


The maximum modulus F,, and the time t, to attain it are given by: 


Xm _ Fn — Fo = 
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TABLE 1 


~ 


These equations can be used to examine the validity of (1) the approximation 
(1) above and (2) the widely accepted method of regarding ¢, as an inverse 
measure of rate of cure. Table 1 records values of X,,/X. and of kt», calculated 
from Equations (9) and (10), while Figure 1 gives plots of Equation (8) for 
A = 0, 0.01 and 0.05; with k = 0.10 min.~!, X, = 10 in each case. 

The controlling effect of \ (the ratio between velocity constants for rever- 
sion and cross-linking) is clearly brought out, and two conclusions may be 
drawn: (1) If reversion is small, e.g., \ = 0.02, a good estimate of k will result 
from a study of the rising modulus curve, neglecting reversion. (2) The time 
to optimum cure gives a rough relative measure of 1/k so long as J is not too 
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Fie. 1.—Theoretical vulcanization curves, showing effect of reversion. Calculated 
from Equation (8) with \ = 0 (curve a), 0.01 (b), 0.05 (c). 
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small, e.g., in the region of \ = .02, t,, is some five times as sensitive to k as it is 
to). This method can, of course, never be precise, as is indeed obvious from 
the fact that the very existence of a maximum in the modulus curve depends on 
the occurrence of reversion. It is clear that if the method is to be used a fairly 
peaky mix should if possible be chosen. 

Attempts to fit Equation (8) or similar equations to our data reveal the 
difficulties inherent in the use of multiparameter equations. Unless data are 
available over an exceedingly wide time range, the constants deduced are very 
sensitive to experimental uncertainties, and are therefore of limited significance. 
If, for example, we measure X at t = 20, 40, and 80, we can easily fit the data 
to Equation (8) and so calculate \, k, and X.. Generally, however, a very 
small change in one of the X values would lead to substantial changes in the 
constants. It is easy to see how this can arise, since the effect of increasing 
is to a considerable extent offset by an appropriate increase of X.. The actual 
rate of reversion in a typical practical mix is therefore difficult to assess, but 
the analyses we have made suggest that, in the ACS1 mix, reversion is of the 
order of 100 times slower than vulcanization. 

The whole problem of reversion requires further investigation. Meantime 
we conclude that rate of cure even of a reverting compound is best measured on 
the rising modulus curve, neglecting reversion. We do not recommend the use 
of time to maximum modulus, except as a very rough indication of rate of cure. 


SCORCH TIMES 


The rubber in the uncured compound is in the form of individual molecules; 
scorch (incipient vulcanization) occurs when sufficient cross-links have been 
introduced to bind most of these into a network. At this point the rubber just 
ceases to be soluble in benzene, and it follows directly from the argument of II 
that the onset of scorch can be defined by 1/M,’ = 0 or F* = 1.31. If then 
we can find some method of measuring t,, the time to scorch, it is possible to use 
this, with a knowledge of F., to calculate k. If we put F = 1.31 andt =¢, 
in Equation (5), we find, on rearrangement: 


105 
{1 + + 18.7)(Fe — 1.31) } 


This equation is not very sensitive to F,, and it would be sufficient to take for 
F,, the measured modulus from a good technical cure. The real difficulty lies 
in measuring the scorch time, and it is doubtful whether present methods of 
doing so are sufficiently good to make the quantitative use of Equation (11) 
practicable; this matter is further discussed in paragraph 9. It may be noted 
that the well-known factory method of reducing scorching by increased mastica- 
tion finds a rational explanation in Equation (11); decreasing V, clearly increases 
t, if k remains constant. 


SULFUR COMBINATION AND CROSS-LINKING 


Although this paper is not concerned with the chemistry of vulcanization, 
it is pertinent to point out that cross-linking does not in general go hand-in-hand 
with sulfur combination. Experimental evidence presented in the next section 
shows that, even when both processes can be described by first-order constants, 
the two constants may differ widely. It must, therefore, be again emphasized 
that the velocity constants discussed in this paper are only intended to de- 
scribe the observed cross-linking and do not necessarily bear any simple relation 
to the underlying chemical reactions. 
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AN EXPERIMENTAL STUDY OF RATE OF CURE 


In order to try out the methods of measuring rate of cure outlined above, a 
number of vulcanization curves have been followed in some detail. Rubber 
from a single bale of No. 1 ribbed smoked sheet rubber was blended on the mill 
to provide a uniform material which was used throughout the investigation. 
Test pieces of the type used for the B.R.P.R.A. strain test were molded, and 
modulus measurements made after 1 minute loading at 20° C on the machine 
described in II. In many cases the equilibrium swelling in benzene was also 
recorded, so that when the rubber was grossly undercured it was possible to 
compute and use the equilibrium modulus F* in place of the measured value. 
In general it was found that these two quantities only differed significantly 
when F was less than 4 kg. per sq. cm. Where F* has been used in the data 
discussed below a note is added to this effect. In some cases combined sulfur 
was also determined; this was done by a combustion method, using acetone- 
extracted samples. The figures recorded, therefore, include sulfur in the form 
of zine sulfide, in addition to sulfur combined with rubber. 

Vulcanizations were followed for a number of different compounds; typical 
results are shown in Figures 2 to 4 and discussed below. 

(1) A nonreverting mix (TC5, see Appendix to Part I) was cured at 140°C; 
modulus data are plotted in Figure 2, curve (b), showing the early stages of the 
reaction on an extended time scale. Combined sulfur was measured at 9 times 
of cure, ranging from 4 to 450 minutes; all the values lay between 0.48 and 0.58. 
The value of F,*, calculated from V, = 43, was —0.39. Since the mix does 
not revert appreciably we read off from curve (a) F. = 7.20. We can, there- 
fore, evaluate k by using Equation 5’, plotting In (F.. — F) against t, as shown 


in Figure 4, curve (a). Data for the first 15 minutes give a very satisfactory 
linear plot and the value of k calculated from the slope is 0.138 min.-!. The 
line in Figure 2 (0) is, therefore, calculated from the equation: 


F = 7.20 — 7.59 0-138 


(2) The ACS1 compound is well known to show a certain measure of re- 
version; some data recorded for this mix at 140° C are plotted in Figure 3. 
The value of F,*, calculated from V, = 51, was —0.20; F. is not directly ob- 
servable, but it must be equal to or greater than the maximum modulus Fp, 
which is read from curve (a) as 7.20. An alternative method of estimating F,, 
is by applying Equation (6) to suitable pairs of modulus determinations; values 
obtained in this way are very close to 7.20, and this value can accordingly be 
adopted with some confidence. The velocity constant k can, therefore, be 
estimated as before from a plot of In (7.20 — F) against ¢ (Figure 4, curve (6)). 
A satisfactory straight line gives k = 0.182 min.~', whence the curve of Figure 
3 (b) is calculated from F = 7.20 — 7.40 e®-!8*. ‘ Sulfur combination was also 
measured in this series; Figure 3 (c) shows that the data are consistent with the 
equation: 

Combined sulfur = 3.30 (1 — e~®-9%6+) 


Although this is similar in form to the initial part of the modulus curve, the 
velocity constant is smaller by a factor of 3. 

An approximate idea of the temperature coefficients of the two velocity 
constants can be obtained by comparing the above figures with some obtained 
for similar mixes cured at 120° or 105° C. Measurements were made only at 
short times of cure (up to 25 minutes at 120° C, 50 minutes at 105° C) and it 
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was necessary to use F* in place of F for the shortest times. As the highest 
modulus reached was 5.40, F, could not be estimated accurately by extrapola- 
tion, and was, therefore, taken from the 140° data. The velocity constants 
obtained were: rate of cure 0.062 min. at 120° C, 0.024, at 105° C; sulfur 
combination at 0.0168 min.~! at 120° C. The calculated energies of activation, 
which can only be considered very approximate, are 18 and 20 keal. respectively. 


N30 


10 
VULCANISATION TIME. MINS 


Fig. 4.—Estimation of rates of cure from Equation (5’). Time scale displaced 
10 min. for curves (c) at 120° C and (d) at 140° C. 


(3) A less complete study was made of two other mixes which show reversion 
(TA57 vulcanized at 120° C and TC16 at 140° C; see Appendix to Part I). 
Vuleanization was carried beyond the maximum and the highest modulus 
observed taken as F,. Plots of In (F, — F) against ¢ are included in Figure 4 
(curves c and d, respectively). While the latter gives a satisfactory straight 
line, the behavior of the former is quite different: there is strong indication of a 
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marked delay before vulcanization commences appreciably, and the rate of 
cure can no longer be represented by a single constant. This interpretation is 
confirmed by the observation that after 8 minutes’ heating, the compound re- 
mained soluble in benzene, and its Mooney viscosity was found to be unchanged. 

Table 2 summarizes the constant obtained for the three mixes to which this 
method has been found to apply. 


TABLE 2 
Estimated rates of cure 
Vv A. 
tion k t 
Compound Fo* temp. (°C)  (min.~!) (min.) 


ACSI 0.20 A 0.182 40 
0.22 : 0.062 Not measured 
0.31 j 0.024, Not measured 
TC5 0.39 ; 0.138 No reversion 
TC16 0.34 ; 0.140 40 5.6 


The sixth column records t, the time to reach maximum modulus estimated 
by eye from plots of F versus t. It will be observed that for the ACS1 and 
TC16 compounds, the product kt, is of the order derived in Table 1; TC5 does 
not revert sufficiently for t, to have much significance. 

This analysis shows that the rate of increase of modulus in several types of 
compound can be very satisfactorily described by a first-order equation de- 
fining a velocity constant which forms a suitable measure of rate of cure. That 
the method is not universally applicable is clearly shown by its failure with 
TA57, and it should, therefore, not be used with a new type of compound until 
a complete vulcanization curve has been examined in some detail. 


ESTIMATION OF SCORCH TIMES 


It was argued, in paragraph 6, that the scorch time must be intimately 
related to rate of cure. In attempting to verify this conclusion we have made 
some measurements of scorch time, using a Mooney viscometer. It was found 
possible to identify a reasonably well-defined time at which the viscosity sud- 
denly began to rise, and we have tentatively used this figure. We do not, 
however, consider this method of estimating scorch very suitable for the present 
purpose. A thermocouple inserted into the rubber shows that the temperature 
of the center of the mass does not reach the viscometer temperature quickly 
enough for short scorch-times to be of much significance: even after 5 minutes, 
temperature differences between center and outside of 2 to 7 degrees were re- 
corded. Alternative methods of estimating scorch times are, therefore, under 
investigation ; meantime it is of interest to note the results of some preliminary 
measurements on an ACSI compound under different conditions. 

Scorch times were determined in the Mooney viscometer for a series of 
ACS1 compounds, covering a wide range of initial viscosities, and three different 
temperatures. In Table 3 the results are compared with scorch-times cal- 
culated from Equation (11). In making the calculations, X,, was assumed to 
be 7.40 in all cases, F,* calculated from V, and F,, obtained from X, + F.*; 
values of the rate of cure k were taken from Table 2. 

The agreement between calculation and observation is good enough to 
establish the general dependence of scorch time on rate of cure. On the other 
hand, much better experimental data would be needed to test Equation (11) 
properly or to permit the accurate estimation of rate of cure from a measured 
scorch time. 
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TABLE 3 
Scorcu Times ror ACS1 Compounp 
Scorch time (min.) 
Temp. (° C) k (min.~) Calculated Observed 


140 0.182 
120 0.062 


Sos 


PRACTICAL APPLICATIONS 


The experimental work reported in paragraph 8 shows that it is legitimate 
to characterize the rate of cure of a compound by means of a first-order velocity 
constant. One of the practical applications envisaged for this method is in the 
characterization of raw rubber supplies. If the mix and the vulcanization 
temperature are fixed, the rates of cure of aseries of rubbers constitute a criterion 
by which the variability of the rubbers can be assessed. 

To apply the method it is necessary to know three quantities: 


(1) The viscosity V. of the mixed compound, from which F, can be ob- 
tained. This is given by Equation (2), and for convenience is tabulated in 
Table 4. The final value of k is not very sensitive to F., and no serious error 


TABLE 4 
CALCULATION OF F, FROM V, 
4 5 6 7 9 
3i —0.99 —0.89 
i .76 6 — 57 — 
36 < — .29 


07 + .08 + .10 +. 


would result if, in the absence of any figure for V., any reasonable value for V, 
were assumed. 

(2) The modulus at full cure F,. If data are available for several times of 
cure, this is best taken equal to the maximum modulus. Failing this, it is per- 
missible to take for F,, the value of a single modulus determined on a well-cured 
sample. For the ACSI mix, suitable times of cure for most rubbers would be 
40 minutes at 140° C or 80 minutes at 134.5° C. For an unusually slow curing 
rubber, this F,, value may be somewhat low, and this would result in k being 
overestimated. A second approximation is then readily obtained by applying 
Equation 5 (with the approximate k) to calculate F, and thence a better value 
for k; this refinement should seldom be needed in practice. 

(3) The modulus F on an undercured sample. Ideally this should be 
about 0.8 F,, but in practice it is sufficient to fix a single time of cure. Our 
experience with the ACS1 mix suggests that this should be about 10 minutes 
at 141° C or 20 minutes at 134.5° C. 

We have examined in this way two sets of suitable vulcanization data avail- 
able in our laboratory records. The first set concerns 29 ACS1 mixings carried 
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out at intervals over a period of several months, employing a single blend of 
No. 1 ribbed smoked sheet. The second set involves duplicate ACS1 mixes on 
each of 35 samples of natural rubber supplied to us at one time by a remilling 
company. These samples comprised 10 sheets of 1 ribbed smoked sheet, 2 of 2 
ribbed smoked sheet, 8 of 3 ribbed smoked sheet, 2 of 4 ribbed smoked sheet, 
8 of 5 ribbed smoked sheet, and 5 of low grade crepes. 

The 99 mixes in the two sets were all cured at 134.5° C for times of 20, 30, 
40, 60, and 80 minutes; V. was measured for each mix. The 20-minute modu- 
lus was taken as F, and F,, estimated from the optimum cure; this value did not 
usually differ seriously from the 80-minute modulus. & was then calculated 
from Equation 5’. 

The mean rate of cure of the set of 29 replicates was 0.062 min.~, the ex- 
treme values being 0.056 and 0.071, and the standard deviation 0.004. Analy- 
sis of the set of 35 different rubbers disclosed a range of 0.058 to 0.118 min.~'; 
the 1 ribbed smoked sheet results lay between 0.070 and 0.113. The standard 
deviation between duplicate mixes was 0.007, somewhat larger than that found 
for the first set. We can say, therefore, that if single determinations of rate of 
cure in the ACSI mix at 134.5° C on each of two rubbers differ by more than 
0.020 min.~, there is a 95 per cent probability that the rubbers do genuinely 
differ in rate of cure. If duplicates are performed on each rubber, a difference 
between means of 0.015 is significant at this level. Judged by this criterion, 
these results show a highly significant variation in rate of cure among the 10 
samples of 1 ribbed smoked sheet and a still more significant variation over the 
whole group of rubbers. 

Another interesting point may be noted in connection with these results. 
It seems highly probable that the variability found between rubbers derives 
mainly from the presence of variable quantities of non-rubber materials, which 
boost the M.B.T. acceleration. Now it is well known that addition of e.g., 
D.P.G. to an M.B.T.-accelerated mix increases the modulus of the resulting 
vulcanizate and also makes the mix more scorchy. We might, therefore, 
expect to find some degree of correlation between rate of cure (k) and full cure 
(X, = F,. —F,.). Analysis of the results as a whole reveals a general positive 
correlation of this type. 

The other practical application of k which may be mentioned is in determin- 
ing the time required to produce a given degree of cure. It is generally desir- 
able in production to avoid overcure; it may for some applications be desirable 
to cure to less than the maximum modulus. If C is the percentage of the full 
cure to be developed, i.e., C/100 = (F — F,)/(F.z — F.), then the required 
time of cure ¢, is: 


(12) 


Equation (12) gives a clear picture of the significance of k: 80 per cent of the 
full cure requires ¢ = 1.61/k; 90 per cent, 2.30/k; 95 per cent, 3.00/k. More- 
over, comparison of the k values with times ¢,, to maximum modulus for a range 
of rubbers in the ACS1 mix showed that kt,, was approximately constant, with 
an average value of 6.4. It is clear, therefore, that 1/k is a valuable measure 
of the vulcanization time required to give the maximum modulus, or any 
specified degree of undercure. 

Further experience will be needed to establish the value of this method of 
assessing rate of cure, and the authors will be glad to hear from any other 
workers who may apply it to their own data or problems. 
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APPENDIX 


COMPARISON WITH THE STRAIN HYPERBOLA 


It is interesting to compare the method of determining rate of cure de- 
veloped in this paper with that put forward by Roth and Stiehler* and recently 
elaborated by Schade*. This method is entirely empirical, and is based on the 
observation that the strain-time curve can be represented as a rectangular 
hyperbola. If S is the strain at time ¢ and S,, its value at infinite time, then: 


(S — S,)(t — t.) = 1/C (13) 


where t, and C are constants. In the recommended application of this method 

S, is not determined directly, but the equation is fitted to three experimental 

points on the S = t curve. Our limited experience with this equation suggests 
; that it suffers from the same defect as our own Equation (8): there are too 
‘ many parameters for any of them to be precisely determined. Schade’s recent 
paper® implies the same difficulty, in that he reports wide variability of the 
constants found for rubbers which are technologically very similar. 

In Figure 2 the broken curves (c) and (d) are calculated from Equation (13), 
with S, = 54.5, t, = 4.5 minutes 1/C = 186, strain values being converted to 
modulus by the relationship established in Part I of this series. The difference 
between these curves and our own is insignificant over the major portion of the 
1 vulcanization period, but they differ completely at short times of cure. It is 
clear that the constant ¢, has no more experimental significance than our own 

F,. On the other hand, whereas F, is a well defined theoretical quantity, 
é calculable and highly significant, t, has no theoretical basis whatsoever. A 
; positive value of t, implies a definite time lag before vulcanization starts; the 
; results presented in this paper show that, while a time lag may occur with 
certain accelerators, it is not a general feature of vulcanization and is certainly 
negligible for the T.M.T. mix, whose vulcanization curve is shown in Figure 2, 
fitted to a hyperbola for which t, = 4.5 minutes. 

The basis of Schade’s suggestion that rubbers are equally cured when they 
have similar values of dS/dt or d?S/dt? is also empirical. These quantities 
depend partly on the constant C, and partly on the amount by which the strain 
exceeds its asymptotic value: 


C(S — Sx)?; 2c7(S — Sx) 


a 


It follows that equality in respect to one or other of these quantities does not 
necessarily imply that rubbers are cured to the same strain or to the same per- 
centage of the attainable cure. 

In considering how to define cure and rate of cure we have, therefore, re- 
jected the methods based on the strain hyperbola as unsatisfactory, and have 
sought to develop methods which have a sound theoretical basis, yet are simple 
to apply in practice. 


SUMMARY 


The purpose of this paper is to develop a simple practical method of assess- 
ing rate of cure, based on sound theoretical principles, and using only measure- 
ments which are normally available or easily made. Mathematical and experi- 
mental studies of modulus-time curves are presented, and it is shown that 
several types of gum compound give curves of a simple mathematical form, 
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equivalent to that of a first-order chemical reaction. It is concluded that in 
such cases rate of cure can be defined and measured by the value of a first- 
order velocity constant, having dimensions time, the reciprocal of which 
determines the vulcanization period needed to produce a given percentage cure. 
Application to a substantial number of rubbers has shown that the method is 
capable of yielding reproducible results for the rate of cure of a single compound, 
and of distinguishing with high significance between different compounds. A 
connection is predicted between rate of cure, as thus measured, and scorch; 
preliminary data are consistent with expectation. 
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STRESS-TEMPERATURE STUDIES OF 
TRANSITIONS IN RUBBERS * 


Rospert 8S. Wirre Ropert L. ANTHONY 


Department oF Puysics, Untversitry or Notre Dame, Notre Dame, INDIANA 


INTRODUCTION 


Considerable attention has been devoted in recent years to the problem of 
the second-order transition occurring in rubbers and other high polymeric ma- 
terials. The phenomenon may be described briefly as follows. When a high 
polymeric material is cooled to a sufficiently low temperature, it becomes hard 
and brittle. At higher temperatures it is soft and flexible, and frequently 
possesses rubberlike qualities. In passing from the rubberlike region to this 
vitreous or glassy region, many of the physical properties of the material undergo 
very distinct changes within a rather narrow temperature interval. For ex- 
ample, in this transition temperature region, comparatively abrupt changes in 
slope are observed in plots of volume vs. temperature, stress vs. temperature, 
and heat content vs. temperature. These in turn lead to seemingly discontinu- 
ous changes, in the same temperature region, of plots of the volume coefficient 
of thermal expansion, the temperature coefficient of stress, and the specific heat, 
respectively, as functions of temperature. Since approximately discontinuous 
changes occur in the first derivative thermodynamic qantities but not in the 
primary quantities themselves, this phenomenon is commonly termed a second- 
order transition. In sharp contrast to a first-order thermodynamic transition, 
this second-order transition involves no latent heat, and x-rays show no ac- 
companying structural changes. 

Some authors believe that the transition is a true thermodynamic transition 
of the second order. Buchdahl and Nielsen! have recently argued in favor of 
this interpretation. They believe that the assumption of a thermodynamic 
transition is necessary to explain the observed phenomena, and that a complete 
explanation is not possible solely in terms of a relaxation theory. According to 
Buchdahl and Nielsen, the hypothesis of a thermodynamic transition of the 
second order is in agreement with experimental results and does not rule out 
the possibility of dispersion or rate effects. 

Other workers treat the transition as one from an equilibrium to a non- 
equilibrium state, and speak of an apparent or pseudo second-order transition 
to distinguish the phenomenon from a true thermodynamic transition. They 
interpret the second-order transition temperature as being the temperature at 
which the rate of attainment of equilibrium is of the same order of magnitude 
as the time scale of the experiment. Since most physical experiments have 
about the same time scale, the transition temperature, according to this picture, 
appears to have a rather uniquely defined value. Attention is frequently 
called to the fact that for many materials the transition temperature is the 
temperature at which the viscosity attains a value of about 10" poises. Thus, 


* Reprinted from the Journal of Applied Physics, Vol. 22, No. 6, pages 689-695, June 1951. This is 
part of a thesis submitted by Robert S. Witte to the Graduate School of the University of Notre Dame in 
partial fulfillment of the requirements for the Ph.D. degree. 
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the transition region is sometimes referred to as an iso-viscous state for all high 
polymeric materials. This general point of view, namely, that the transition 
is not an equilibrium transition in the thermodynamic sense but instead results 
from a rate process, is that adopted by Fox and Flory? in a recent paper. How- 
ever, on the basis of their work with polystyrene fractions, they conclude that 
the transition region should more properly be classified as an iso-free volume 
state rather than an iso-viscous state. 

For a comprehensive review and discussion of older work on this subject, 
reference should be made to the review article of Boyer and Spencert. 

Past experimental studies of the second-order transition have been carried 
out in many different ways. Among the principal methods employed have 
been index of refraction studies, dielectric constant studies, and volume dilato- 
metric studies; the last named method has been employed in a large percentage 
of the studies. In the hope that a different method of study might yield some 
new results of interest and shed further light on the problem, the stress-tempera- 
ture method was selected for the study of this transition in rubbers. This 
method is also an interesting one for the following reason. The existence of 
free or quasi-free rotations of molecular groups about the single carbon-carbon 
bonds in the long chain molecules is a basic requirement of all modern statistical 
theories of rubber-like elasticity. Thus, the temperature above which typical 
rubberlike behavior is first observed in this method of study e.g., increase in 
stress with increase in temperature for a sample held at a constant length, should 
represent the temperature at which such rotational motions begin. This 
method is described in the next section. 


EXPERIMENTAL ARRANGEMENTS 


The stress-temperature method of study is an old one and has been used by 
a number of workers. Meyer and Ferri‘ were among the first to employ the 
method in the study of rubbers. Their work was concerned primarily with an 
experimental investigation of the equation o‘ state of natural-rubber gum com- 
pounds. However, one of their published stress-temperature curves, namely, 
one for a 350 per cent extension of an 8 per cent rubber-sulfur gum stock, does 
show a sharp transition at about —50° C. The method has since been em- 
ployed in this laboratory® and at the National Bureau of Standards® in studies 
of the equation of state for synthetic and natural rubbers. Second-order transi- 
tions were not observed in these studies, however, owing to the higher tempera- 
ture ranges employed. 

In this method the sample is stretched to the desired extension at room tem- 
perature (or at the highest temperature to be employed in the experiment), and 
is then held at constant length at that temperature until the time rate of relaxa- 
tion of stress becomes negligibly small. The time required for the attainment 
of this relative equilibrium at a given temperature depends on the rubber being 
studied and the extension. It may be anywhere from 6 to 24 hours. The tem- 
perature is then lowered in steps the length being held constant and the stress 
is observed as a function of the temperature. 

A schematic diagram of the apparatus used in the present work is shown in 
Figure 1. The sample G is attached to the bottom of the brass doubled-walled 
tank H by means of aclamp. The top end of the sample is connected to one 
side of the balance arm E by means of a thin piece of piano wire F. To the 
other end of the balance arm are fastened a number of chains D, the number and 
size of the chains employed being determined by the sensitivity desired in a 
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920 


ELECTRICAL CONNECTION 


Fic. 1.—Schematic of system. 

particular run. The other ends of the chains are attached to the arm J which 
is driven up or down by means of the balancing motorI. A mirror M is placed 
so that it will rotate slightly under the influence of the up and down motion of 
the balance arm. When the system is not balanced light from lamp L is 
reflected from the mirror to the proper half of the double photocell N causing 
the balance motor to raise or lower arm J as required to restore balance. (The 
balancing motor and its driving amplifier were borrowed from an old Brown 
Electronik circular chart recorder. The error signal from the twin photocell 
was amplified and fed to the driving amplifier). A pen B attached to arm J 
provides a continuous trace on a chart mounted on the rotating cylinder A. 
The chart cylinder is rotated by a synchronous motor at the rate of one revolu- 
tion per hour. The total motion of the balance arm is stopped down to about 
0.005 centimeter thus insuring that the sample length remains practically con- 
stant during a run. The system is calibrated at the end of each run by re- 
moving the sample hanging various known weights on the front of the balance 
arm and observing the trace on the chart when balance is obtained. 

Temperatures inside the sample tank (from about +30° to —70° C) were 
maintained by controlling the temperature of the liquid circulating between the 
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Fic. 2.—Cooling system. 
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walls of the double-walled brass tank. The system employed is shown schema- 
tically in Figure 2. The circulating liquid ethyl alcohol can flow to the test 
chamber by either of two paths. One path leads directly to the test chamber, 
while the second path leads through a coil immersed in a cold reservoir or tank. 
The cold tank is a large Dewar flask kept filled with a mixture of finely cracked 
dry ice and ethyl alcohol. By properly adjusting the amount of flow through 
each valve any temperature from room temperature down to —70° C can be 
obtained in the test chamber. In practice the valves are set to produce a 
temperature in the test chamber slightly lower than desired and the heating 
coil shown in the figure is employed to bring the temperature to the desired 
value. Temperatures in the test chamber are recorded and controlled with the 
aid of a Brown Electronik strip chart recorder and a copper-constantan thermo- 
couple. An adjustable contact attached to the cable drive mechanism of the 
recorder switches on the heater current whenever the temperature falls below 
the desired value. With this system temperatures could be controlled to 
about 0.25° C over the complete operating range. 

The rubbers studied in this work had the following compositions (parts by 
weight) and cures: 


No. 1 Natural Rubber Gum Stock 


Smoked sheet rubber 100 
Zinc oxide 3 
D.P.G 


1 
Sulfur 5 
Cured for two hours at 297° F 


No. 3 Butyl Gum Stock 


Butyl 1 
Zine oxide 

Stearic acid 

Sulfur 5 
Tuads Al) 
Cured for 10 minutes at 307° F 


No. 2 GR-S Loaded Stock 


GR-S 1 
Zine oxide 
B al 


B.R.T. No. 7 

Sulfur 

Stearic acid 

Santocure 

E.P.C. Black 30 
Cured for 70 minutes at 287° F 


No. 4 Hycar OS-10 Loaded Stock 


Hycar OS-10 100 
Zine oxide 


Stearic acid : 
Santocure 
E.P.C. Black 30 

Cured for 30 minutes at 307° F 


The stress in this work is defined as the force per unit original unstrained 
cross-section. The percentage extension is defined as the ratio of the change 
in length produced by stretching the sample to the initial unstretched length 
measured at room temperature. ; 


RESULTS 


Some preliminary studies were first made on a natural-rubber gum stock. 
This stock was identical in composition to No. 1 above but was cured for only 
one-half hour at 297° F instead of for two hours. As the temperature was 
lowered this stock exhibited strong time effects in the temperature region from 
0° to —40° C caused by crystallization. Very pronounced stress relaxation 
was observed to occur in this region even though no further relaxation of stress 
was detectable at room temperature. Since crystallization was not the prob- 
lem at hand, a rubber of longer cure (Stock No. 1) was used. The overcure in- 
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creased the amount of chemically combined sulfur in the rubber, and this in 
turn inhibited crystallization. The higher percentage of combined sulfur also 
served to raise the transition temperature from about —70° to —61°C. This 
was a more convenient temperature region for our equipment since its low 
temperature limit was at best. —72° C. As a further precaution against the 
disturbing effects of crystallization, the temperature region between 0° and 
—40° C was avoided as much as possible for this rubber and also for the Butyl 
gum stock. These two rubbers were the only ones out of the four studied which 
are known to crystallize. When passing through this region the temperature 
was lowered as quickly as possible in order to limit the time available for the 
crystallization process to a minimum. Below —40° C the internal viscosity 
appears to be sufficiently great to prevent the necessary ordering of chain seg- 
ments required for crystallite formation. 

The results for two different extensions, 50 per cent and 150 per cent, of the 
natural-rubber gum stock are shown in Figure 3. The transition appears to 


NATURAL RUBBER 


STRESS om 


-20 
TEMPERATURE °C 


Fie, 3. 


occur at about the same temperature for each extension, namely at about 
—61°C. As shown in Figure 3, a rather rapid relaxation of stress occurred at 
temperatures a few degrees below the apparent transition temperature, 7'z. 
The magnitude of this stress relaxation and the time required for it are indicated 
on the graph for several different points. For example, in the case of the sample 
held at 50 per cent extension, the stress at —62.5° C was observed for about six 
hours. During this time it decayed until it lay almost on the extension of the 
equilibrium stress-temperature curve obtained at higher temperatures. Thus, 
the apparent location of 7'z could be shifted somewhat by varying the time rate 
of change of temperature. No relaxation of stress was observed at —70.5° C. 
However, owing to difficulty encountered in maintaining this temperature, the 
holding time was somewhat less than an hour. Stress relaxation was not ob- 
served at temperatures well above 7z. The point at 52.5° C (50 per cent ex- 
tension curve) was held for about three hours, and during this time no stress 
decay was observed. The history of the sample below the transition point 
appeared to have no effect on the stress values obtained when the temperature 
was raised again to values well above Tz. In each such test the stress returned 
to a value lying on the equilibrium stress-temperature curve at the higher 
temperature. 
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In an attempt to detect a dependence of transition temperature on sample 
extension, a third run was made with the natural-rubber gum stock at an exten- 
sion of 10 per cent. The results are shown in Figure 4. Again the transition 
appears to come at —61 C. Time effects were not studied in this run. 
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The results for one extension (126 per cent) of the carbon black loaded 
GR-S rubber are shown in Figure 5. The indicated transition temperature is 
about —53° C. Time effects were again observed at temperatures below 
Tz, but not for temperatures well above 7'z. 

Figure 6 shows the results for four different extensions of the Butyl gum 
stock and indicates a strong dependence of 7'z upon extension. Here Tz is 
observed to decrease with increasing sample extension, from about —49° C at 
33 per cent extension to about —65° C at 533 per cent extension. The begin- 
ning of the transition at about —65° C for the 533 per cent extension is just 
barely perceptible on this plot. In Figure 7 the 33 per cent extension curve 
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for the Butyl gum stock is shown replotted to a larger scale in order to show 
H better the transition. Stress decay was again observed for each extension at 


temperatures not too far below T'z. 
The results for two different extensions (75 and 10 per cent) of the Hycar 
OS-10 carbon black loaded stock are shown in Figure 8. A strong dependence 
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of Tz on sample extension is indicatéd. For the 75 per cent extension 7'z ap- 
pears to have a value of about —15° C. For the 10 per cent extension, T7'z is 
difficult to locate with any precision An enlarged plot, Figure 9, shows con- 
siderable curvature in the transition region. The transition appears to be a 
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gradual one and not sharply defined. 7'z may be as high as +5° C here. 
Stress relaxation was observed for both extensions of the Hycar OS-10 stock at 
temperatures not far below 7'z, but not for temperatures well below Tz. Ina 
further check on the absence of appreciable relaxation at low temperatures, the 
10 per cent extension curve was run again, and the temperature was held for 
about 5 hours at —60° C. The total relaxation observed was negligible. 

For comparison purposes, volume dilatometric studies were also made on 
unstrained samples of the natural-rubber gum stock’, the Butyl gum stock, the 
Hycar OS-10 loaded stock, and a GR-S gum stock*. The GR-S gum stock was 
identical in composition and cure to stock No. 2 of this paper, except that it 
contained no carbon black. The confining liquid used in the dilatometer 
studies was Dow Corning silicone oil (DC-200). A repeat run on the Butyl 
gum stock using ethyl alcohol gave identical results. The small amount of 
sample swelling encountered with the silicone oil appeared to have no appreci- 
able effect on the location of the transition region, as determined from repeated 
trials using different immersion times. No time effects were noted in this work, 
although attempts were made to observe such effects. In particular, no de- 
crease in specific volume with time was detected at temperatures slightly below 
the transition point even for holding times up to 14 hours. The dilatometer 
results are shown in Figures 10-13 for the natural-rubber gum stock, the GR-S 
gum stock, the Butyl gum stock, and the Hycar OS-10 loaded stock. 
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For comparison, Table I below lists the transition temperatures observed in 
both methods of study. (Stress-temperature values are denoted by Tz, and 
volume dilatometric values by T'y.) . 


TABLE 
Rubber Ty Tz (approx) 


Natural-rubber gum -61°C —61° C at 10% 
—61° C at 50% 


—61° C at 150% 
GR-S gum —56.5° C — 
GR-S (loaded) _- —53°C at 126% 
Butyl gum —69.5° C —49° C at 33% 
—60° C at 126% 
—63° C at 260% 
—65° C at 533% 
Hycar OS-10 (loaded) —23°C —15° C at 75% 
— 5°Cto +5°C at 10% 


DISCUSSION 


The following observations summarize the chief results obtained in this 
study. 


(1) A pronounced decrease in the value of 7’z with increasing sample ex- 
tension was observed in the studies of the Butyl gum stock and the Hycar 
OS-10 loaded stock. 

(2) A dependence of 7'z on extension was not observed for three different 
extensions (10, 50, and 150 per cent) of the natural-rubber gum stock. (This 
effect was not studied for the GR-S loaded stock, only one extension, 126 per 
cent, having been run.) 

(3) With the exception of the values for the natural-rubber gum stock, T'y 
was always found to be somewhat lower than the lowest value of 7'z observed 
for the same rubber. (This comparison is questionable in the case of the GR-S 
rubber, since a gum stock was used in the dilatometric work and a loaded stock 
in the stress-temperature work.) 

(4) Below Tz the stress was observed to increase with decreasing tempera- 
ture, in contrast to the typical rubber behavior noted at higher temperatures 
where the stress decreases with decreasing temperature. 

(5) Considerable stress relaxation was observed for all rubbers at tempera- 
tures not far below 7'z. Appreciable stress relaxation was not observable at 
temperatures above 7T'z. In the case of the Hycar OS-10 rubber, no relaxation 
of stress was observed at temperatures well below 7'z. 


Observation (1), the effect of sample extension or strain on the location of 
the transition region, is not new. For example, Scott® has shown that, for a 
rubber-sulfur compound containing 19.5 per cent sulfur, the transition region 
is raised from about 36° C, at atmospheric pressure, to 45° C, at a pressure of 
800 bars. Over this range of pressures the specific volume at the transition 
region decreases from about 0.930 to 0.912. Somewhat similar observations 
on the effect of tension stress on the location of the transition region have been 
reported by Miiller'® for polyvinyl chloride, and by Boyer and Spencer" for 
Saran-B. Miller also showed that for oriented polystyrene the transition tem- 
perature decreased with increasing degree of orientation. A possible explana- 
tion of this effect in rubber is that the volume of the sample increases slightly 
with increasing sample extension, since after all Poisson’s ratio for rubber is not 
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exactly 0.5. Such an increase in volume would tend to reduce the interaction 
between chain segments, allowing free rotations of molecular groups about 
single carbon-carbon bonds to persist to lower temperatures. Thus, a con- 
siderable reduction in temperature, below the value of Tz appropriate for a 
small extension, might be required before the transition could occur in a more 
extended sample. 

Observation (2), the apparent absence of any dependence of 7'z on extension 
in the case of the natural-rubber gum stock, would then imply that the volume 
increase accompanying e<tension is negligible for this rubber. This is in agree- 
ment with the observations of Holt and McPherson", who were unable to detect 
any increase in volume accompanying the extension of a natural-rubber gum 
from 0 to about 300 per cent. Whether a perceptible volume increase actually 
oceurs for the Butyl gum rubber and the loaded Hycar OS-10 rubber is not 
known. 

Observation (3) may be explained qualitatively, following a suggestion of 
Kley’s™. According to Eley, the transition may be considered as involving two 
mechanisms. These are: 


First, an unlocking and separation of chain segments as the temperature is 
raised through the transition region, thus permitting the occurrence oi seg- 
mental rotation or motion of chain segments as units. 

Second, the onset of free rotations of molecular groups about the single 
carbon-carbon bonds within the chain segments themselves. 


In general, the second of these mechanisms would be expected to possess a 
higher energy of activation than the first, and thus require a higher temperature 
before it can occur. The first mechanism probably accounts for the transition 


observed in volume dilatometric measurements on unstrained samples. How- 
ever, typical rubberlike behavior, e.g., increase in stress with increase in temper- 
ature for a sample held at constant extended length, cannot occur until an ap- 
preciable amount of free rotation about the single carbon-carbon bonds sets in 
within the chain segments themselves. Thus, 7’z would, in general, be ex- 
pected to be higher than 7y. The two mechanisms are, however, closely 
coupled and may occur at the same temperature for some rubbers. This ap- 
pears to be the case for natural rubber. 

Observation (4), namely, the increase in stress with decrease in temperature 
noted in the temperature region below 7 z, is in agreement with the usual inter- 
pretation of this region as corresponding to the glassy state. In this region the 
material behaves like an ordinary amorphous solid, and since contraction is 
prevented when the temperature is lowered, the stress increases. 

As for observation (5), the pronounced decay of stress at temperatures not 
far below 7'z appears to be similar in character to that observed when a re- 
tarded elastic material is suddenly strained. The stress decay is rapid at first 
and then becomes progressively slower, just like the stress relaxation curves ob- 
served in the initial relaxation period, before the start of the stress-temperature 
run. It should thus be possible to arrive at a relative equilibrium state through 
such a process of stress relaxation carried out at temperatures not too far below 
Tz. This relative equilibrium state would then, for still lower temperatures, be 
equally as good as that customarily employed at much higher temperatures for 
stress-temperature and equation of state studies. That is, time effects should 
then be negligible. Equation of state and stress-temperature studies could 
then be carried out in this region in a manner similar to that employed in the 
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region above 7'z. For work restricted to the temperature region well below 
T z, a preliminary stress relaxation period probably would not even be required. 
With respect to experiments involving changes in temperature from above to 
below the transition region (or vice versa), whether or not the laws of thermo- 
dynamics can be applied to the process will depend on the nature of the experi- 
ment. If appreciable time effects are not present, and if thermal equilibrium 
is maintained at all times, the process is essentially a reversible one and the usual 
thermodynamic equations may be employed. Such may very well be the case 
for some volume dilatometric experiments and also for other types of experi- 
ments involving only small sample strains. It is doubtful, however, that a 
stress-temperature experiment could be carried out through the transition 
region with sufficient rapidity to eliminate appreciable time effects and still 
satisfy the requirement of thermal equilibrium. According to Fowler and 
Guggenheim" the application to a system of the equalities expressed in the 
theorems of thermodynamics is valid provided that the processes of change which 
occur in the system are either very rapid or very slow compared to the change 
which is imposed experimentally. The fast processes maintain equilibrium 
between the states or phases which they connect, and the very slow processes 
may be ignored. Subject to the above restrictions then, it follows that the 
transition may be treated as a thermodynamic transition for some experiments. 


SUMMARY 


The stress-temperature method was employed as a means of studying the 
apparent second-order transition occurring in rubbers. The rubbers studied 
were a natural rubber gum, a Butyl gum, a loaded GR-S, and a loaded Hycar 
OS-10. Pronounced stress relaxation was observed for all rubbers at tempera- 
tures not too far below the transition region, but not at temperatures a few 
degrees above the transition. For both the Butyl and the Hycar OS-10 rub- 
bers, the transition temperature was observed to depend strongly on extension, 
the transition temperature decreasing with increasing sample extension. No 
such dependence on extension was observed for the natural rubber stock. Com- 
parison data were also obtained from volume dilatometric studies. With the 
exception of the data for natural rubber, the transition temperatures deter- 
mined by the volume dilatometric method were somewhat lower than the lowest 
values obtained in the stress-temperature studies. 
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THE APPLICATION OF POLARIZED INFRARED 
RADIATION TO PROBLEMS IN 
MOLECULAR STRUCTURE * 


G. B. B. M. SurHERLAND AND A. VALLANCE JONES 


Paysics DeparTMENT, UNIVERSITY OF ANN ARBOR, MICHIGAN 


INTRODUCTION 


Polarized infrared radiation has been used to investigate the molecular 
structures of crystalline compounds for over thirty years, but the early work 
was almost entirely confined to ions of inorganic materials such as nitrates, 
sulfates, and carbonates'. Within the past few years there has been a revival 
of interest in the field? because the interpretation of the infrared spectra of 
organic molecules has now reached a stage where many of the intense bands 
can be assigned unequivocally to separable modes of vibration of small key 
groups in such large molecules. It thus becomes possible to deduce the orienta- 
tion of these key groups in a crystalline or partially oriented solid with respect 
to the crystalline axes or to the direction of orientation as defined by other 
physical means. Once the orientation of these key groups has been fixed, it 
should often be possible (using the knowledge of internuclear distances and 
bond angles derived by other physical methods and chemical evidence) to arrive 
at a unique model for the molecule or polymer of which the solid is composed. 
Most of the characteristic frequencies of key groups which form the basis of 
this method have been derived from observations in simpler molecules in the 
liquid or gaseous state; the effects of solidification and of crystallization on these 
characteristic frequencies have not been very fully investigated. It is well 
known, for instance, that certain absorption bands are altered in intensity and 
position by transition from the liquid to the solid state, and in many cases new 
absorption bands appear close to the position of the original one. Until such 
changes are understood, the method of polarized infrared radiation has serious 
drawbacks. In this paper we shall describe some investigations made in this 
general field, in which particular attention has been paid to such effects on the 
spectra of polymers. The polymers are particularly interesting subjects for 
study, since in many respects they may be regarded as mixtures of liquids 
(amorphous part) and solids (crystalline part). 

The polymers discussed in this paper are the various forms of polyisoprene, 
viz., rubber and a- and 8-gutta-percha. 


EXPERIMENTAL 


The spectrometer used was a Perkin-Elmer Model 12-B, with a rocksalt 
prism. The output from the thermocouple detector was amplified by a General 
Motors breaker type amplifier and recorded by a Brown recorder. A selenium 
transmission polarizer was kindly put at our disposal by A. Elliott; it has been 
described by him elsewhere*. The polarizer was mounted directly in front of 


* Reprinted from the Faraday Society Discussions, 1950, No. 9, pages 281-290. 
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the entrance slit of the spectrometer. Most of the polymer samples were ex- 
amined as thin films which were of sufficient area to be mounted immediately 
in front of the polarizer, with the direction of orientation either parallel or 
perpendicular to the entrance slit of the spectrometer. 

The spectra at high temperatures were obtained by the use of a heated cell 
of the type described by Richards and Thompson‘. The low-temperature 
spectra were obtained using a cell (to be described elsewhere) which is similar to 
that described by Ubbelohde and Woodward®, In this case, and also when the 
area of the sample was limited, it was arranged that the sample could be placed 
at a subsidiary focus of the source. Since it is then essential that the sample 
can be replaced very accurately at the subsidiary focus, the heated cell, the low 
temperature cell, and the minimum area sample holder were all fixed to kine- 
matically mounted sliding carriages®, on which they could be moved in or out 
of the path of the beam for the measurement of percentage transmission. 

It has been found essential in order to detect small changes in polarization 
properties of bands to follow a regular routine in observing and checking the 
intensities of bands. The following was our procedure. First, the incident 
energy was recorded with the electric vector parallel to the slit. The sample 
was then placed in position and a duplicate set of absorptions superposed on 
the same length of recorder paper. Without disturbing the sample, the 
polarizer was then rotated until the electric vector of the polarized radiation 
was perpendicular to the slit. A second absorption run was then recorded in 
duplicate. The sample was then removed and a second incident energy run 
recorded. From these records, the percentage absorption may be plotted as a 
function of frequency and the polarization effects revealed. The results ob- 
tained by the above method were checked at the absorption maxima of import- 
ant bands by making measurements at fixed frequency settings of the spectrom- 
eter. 

RESULTS 

Spectra of Polyisoprenes.—Polyisoprene occurs naturally as rubber and 
gutta-percha; the differences between the two forms are attributed to cis-trans 
isomerism about the carbon-carbon double bond. X-ray investigations by 
Bunn’ are generally accepted as showing that rubber has the cis- and gutta- 
percha the trans-configuration. Gutta-percha may exist in two different forms 
at room temperature; the naturally occurring form is known as the a form, but 
on heating above 65° C and cooling rapidly, the 8-form is produced. Thus, 
above 65° C only one form exists and is known by z-ray methods to be amor- 
phous. The difference between the a- and §-forms arises from different crystal- 
line structures, the former having a repeat distance of 8.7 A and the latter a 
repeat distance of 4.7 A. At room temperature, rubber is amorphous, but 
crystallinity may be produced by cooling to about —20° C. 

The infrared spectra of rubber and of the a- and 8-forms of gutta-percha, 
when examined at room temperature, show certain features in common, but 
also show very marked differences (Figures 1A and 6)*. The differences be- 
tween the a- and 8-forms must be attributed to the differences in crystalline 
structure; the differences between the spectrum of rubber and either gutta- 
percha may be due partly to the effects of crystallinity and partly to the effects 
of cis-trans-isomerism. In order to separate out these effects, the spectrum of 
gutta-percha was investigated in a heated cell at 73° C. This spectrum, given 
in Figure 1B, shows that the main differences (especially those in the region of 
700-800 cm.~') are due to crystallinity and that the spectra of cis- and trans- 
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40 Frequency (cm-") 


Fig. 1. 


A. The infrared spectrum of natural rubber. 
B. The infrared spectrum of gutta-percha at 73° C. 


polyisoprene when both are in the amorphous form are closely similar Whether 
the remaining differences which are presumably due to cis-trans-isomerism can 
be shown on spectroscopic grounds to arise from this effect is not yet certain, 
although some suggestive correlations have been pointed out by Saunders and 
Smith® between the spectra of simpler cis- and trans-analogs of the polyiso- 
prene series and the corresponding bands in rubber and gutta-percha near 
1640 and 890 

We may now consider the spectra of the crystalline forms of cis- and trans- 
polyisoprene, starting with that of rubber, in which crystallinity has been pro- 
duced by stretching The spectrum of a lightly vulcanized latex is given in 
Figure 2, the two curves corresponding to the electric vector parallel and per- 
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Fie. 2.—Infrared spectrum of vulcanized latex, stretched 650 per cent, obtained with polarized radiation. 
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pendicular to the direction of stretching. It will be observed that although 
nearly every band shows dichroism, the effects are most marked for the bands 
at 1665, 1365, 1130, and 840 em.~'. The assignments of two of these bands 
(1665 and 840 cm.~') are well known from work in simpler hydrocarbons", but 
the 1365 cm.~ and the 1130 cm. frequencies which have the greatest dichroic 
ratios are not so well established. 

The 1665 cm.~! band due to the stretching of the C=C bond has greater 
intensity for the parallel than for the perpendicular polarization, in agreement 
with the generally accepted idea that the crystallites are aligned with the poly- 
isoprene chains parallel to the direction of stretching. At first sight it seems 
surprising that the effect is so small, but this point is dealt with in a later 
paragraph. 

In the region of 1370 em.~, it will be observed that there are two bands, one 
at 1375 cm.—! showing a weak perpendicular polarization, the other at 1365 
em.—! showing a strong parallel polarization. The 1375 em. band is well 
known to be associated with the symmetrical internal deformation mode of the 
methyl group, and thus shows the correct polarization properties. Since the 
change of electric moment is perpendicular to the axis of stretching, the polar- 
ization effect here would be expected to be lower than in a parallel frequency 
such as that at 1665 cm.—, since the crystallites are presumably randomly 
oriented about the orientation direction. The 1365 cm.~! band which shows 
strong parallel polarization is assigned to the in-plane deformation mode of the 
C—H group which would be expected to have such properties. This assign- 
ment disagrees with that of Saunders and Smith’, who attribute this band to a 
CH: deformation (wag), placing the CH deformation at 1285 em.~', where an 
extremely weak band has been detected by them which shows no marked 
polarization properties. Our assignment is based on the expectation that the 
CH in-plane frequency would show a more pronounced parallel polarization 
character than a CH» wagging frequency which must have some perpendicular 
character. Moreover, the corresponding CH: band in polythene might be 
expected to have very similar intensity and polarization properties. There is, 
however, no intense band with parallel polarization properties in stretched 
polythene". 

The band at 1130 cm.~', which has such strong parallel polarization, cannot 
be assigned with certainty. It could be an in-plane deformation motion of the 
methyl group, but has been assigned by Saunders and Smith to a wagging 
motion of the CHe groups. Further evidence is required to differentiate these 
assignments. Finally, the 840 cm.~! frequency is well known to be a CH out- 
of-plane frequency’® and shows the correct perpendicular polarization proper- 
ties. An interesting phenomenon was noticed in connection with this band. 
It was found that if the specimen of rubber which was stretched was at least 
three times as wide as it was long (in the direction of stretching), no dichroism 
was observed. However, Gehman and Field” have suggested that in such a 
case double orientation occurs, which would put the CH bonds very nearly in 
the plane of the sheet. If such were the case, the perpendicular polarization 
would be almost destroyed. The observation that this was so while the per- 
pendicular polarization of the methyl frequency at 1375 cm. was unaltered 
gives independent confirmation of the double orientation. No further discus- 
sion will be given here of the assignment of bands, which in any case we think 
would be premature; instead, we shall discuss the effects of crystallinity on the 
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Effects of Crystallinity Rubber —It is important to separate effects due to 
crystallinity from those due to orientation both of amorphous and crystalline 
material which are present in the spectrum of stretched rubber. We therefore 
examined the spectrum of rubber in which crystallization had been produced 
by cooling. It was found that if unstretched latex is cooled rapidly to —140° 
C no appreciable changes occur in the spectrum. The bands near 1370, 1100, 
and 840 em.~', to which particular attention was paid are shown in Figure 3. 


Hi Latex 
Unsirelehed 


Frequency (cm:') 
15,60 
Fie. 3.—Infrared spectra of stretched and unstretched latex. 


Room temperature. 
~ - — — Rapid cooling to —140° C. 
. - + Crystallized at —20°, observed at —140° C. 


If, however, the unstretched latex is cooled to —20° C, held at this temperature 
for 43 hours to give considerable crystallization, and then cooled to —140° C 
for examination, a small shift occurs towards higher frequency for the band at 
840 em. coupled with a small increase in intensity (Figure 3), while the band 
at 1130 em.~! also appears to increase somewhat in intensity. There are, 
therefore, two effects produced by random crystallization on the spectrum of 
rubber taken at a temperature of —140° C, viz., a small shift in one band and 
small apparent increase in intensity in at least two other bands. In order to 
separate out the effect of temperature change from that due to crystallization, 
the spectrum of stretched latex was observed after rapid cooling to —140° C. 
This is given in Figure 4. Here there is a marked increase in intensity in most 
of the bands, in particular, in those at 1130 em.~! and 840 em.~!, which showed 
an apparent increase in intensity in the unstretched latex. It might appear 
that the intensity change was due entirely to the effect of temperature on the 
spectra of the crystallites. However, Saunders and Smith have examined the 
spectrum of unstretched latex cooled to —25° C and held at that temperature. 
Their curve shows that the 1130 em. band increases in intensity when crystal- 
lization occurs, while the band at 840 cm. increases in frequency and in 
intensity. It is interesting to note that Saunders and Smith observed no 
change in the 1665 em. band on crystallization. We did not examine this 
band at low temperature. We may conclude, therefore that in going from the 
amorphous to the crystalline state absorption bands in rubber may show (1) no 
change in intensity or position (1665 em.~'), (2) a change in intensity but not 
in position (1130 em.~*) or (3) a change in intensity and in position (840 cm.~"). 
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Fic. 4.—Infrared spectrum of stretched vulcanized latex; 400% extension. 
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These conclusions have an important bearing on the interpretation of the 
infrared spectra (polarized and unpolarized) of stretched rubber. For instance, 
Williams and Dale", who first observed the shift in the 840 cm.~! band on 
stretching, have concluded that this indicates a change in the C—C bond 
length produced by stretching. This effect is now seen to be due to crystal- 
lization which occurs either on stretching or cooling. Moreover, their assign- 
ment of this band to a C—C skeletal frequency is no longer defensible in view 
of the polarization results mentioned earlier in this paper, especially those in 
connection with double orientation. One other observation made in the 
course of this work may be quoted in this connection. Using polarized radi- 
ation, the behavior of the 840 cm.~' band was studied for various degrees of 
stretching. It was found that with the electric vector perpendicular to the 
direction of stretching a sharp change took place in the frequency, from 835 
to 840 cm.~' at an extension ratio of about 3.5. For the parallel case the 
change was much slower. Now the z-ray evidence indicates that crystallization 
becomes very much enhanced near an extension ratio of 3.5. There would 
seem to be evidence from the polarization observations of Figure 5 that there 
are two separate bands near 840 cm.~', one due to the amorphous form and 
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Fig. 5.—Frequency of maximum of band near 840 cm.“ in infrared spectrum of rubber. A Williams 
= a oO Present work, electric vector parallel to elongation; + electric vector perpendicular to 
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one due to the crystalline form of rubber, and that the relative intensities of 
these might be used to provide a measure of crystallinity in rubber. 

The degree of crystallinity in rubber produced by stretching has been in- 
vestigated by z-ray methods, but different workers have arrived at different 
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Fig. 6a.—Infrared spectrum of a-gutta-percha. 


@ GUTTA PERCHA 


Percentage Absorption 


Frequency (cm 
(600 150014001300 1200 1100 1000 300 800 700 


Fic. 6b.—Infrared spectrum of 8-gutta-percha. 


conclusions. Field‘ estimated that the crystallinity might be as high as 80 
per cent in rubber stretched to the highest elongations, while Goppel'® concluded 
that the figure was nearer 40 per cent. The use of polarization studies in infra- 
red spectroscopy offers an independent way of studying the phenomenon. 
However, the dichroic ratio differs very greatly from one band to another, and 
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the effects of crystallinity just discussed must be taken into account. Thus, 
if one chooses the band at 1130 em. the dichroic ratio would at first sight indi- 
cate a very high degree of crystallinity. However, the band was one which 
shows a considerable increase in intensity on crystallization and consequently 
all the high dichroic ratio indicates is that on stretching the crystallites become 
almost perfectly oriented. On the other hand, the 1665 em.~' band shows no 
increase in intensity due to crystallization, and so the dichroic ratio here must 
give a much truer estimate of the degree of orientation and, therefore, indirectly 
of crystallinity in stretched rubber. A detailed investigation of the relation 
between dichroic ratio and extension ratio and how it may be interpreted in 
terms of the degree of crystallinity has been made but cannot be given here 
because of limitations of space. The result of this investigation is that the 
lower value of crystallinity found by Goppel is confirmed. 

One further consequence of the effect of crystallinity on the apparent in- 
tensity of an absorption band arises when dichroic ratios are used to differenti- 
ate between alternative models. Thus, from the low value of the dichroic ratio 
for the 1665 cm.~! band in rubber, Saunders and Smith have suggested that 


SPECTRUM OF GUTTA PERCHA 800-900em-" /5°= 7/°C 


Room temperature 33° 
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Fig. 7.—Spectrum of gutta-percha 800-900 em.~!, 15° C-71° C. 


the Bunn structure for rubber may have to be modified, since on this model 
the C=C bonds do not make an angle of more than 20° with the fiber axis. 
The apparent low value of this dichroic ratio when compared with that found 
for the 1130 cm.— band may well be due to the fact that the former bands show 
no increase in intensity on crystallization whereas the latter does. Conse- 
quently the high dichroic ratio of the 1130 cm.~! band compared to the 1665 
cm.~! band must be due in large part to the increased intensity arising from 
crystallinity. Such effects must be carefully considered before valid deduc- 
tions can be made on such structural questions. It should also be noted that 
the 1665 cm.~! band may contain a contribution from the overtone of the 840 
em.~! band which would also affect the dichroism. 

Gutta-percha.—The spectra of the a- and 8-forms of gutta-percha observed 
at room temperature with unpolarized radiation are given in Figure 6 and agree 
in essential features with those reported by Saunders and Smith. The principal 
differences between these spectra and the spectrum of amorphous gutta-percha 
observed at 73° C occur in the region of 700-900 cm.~!. These differences 
must be due to crystallization, and are much more pronounced than the cor- 
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responding effects in rubber. Thus new bands appear at 800, 870, and 890 
em.~ in the a-form and at 750, 800, and 890 em.~ in the 8-form. There may 
be a small shift of the 840 em.~' band of the amorphous form towards higher 
frequencies in crystallization to either the a- or the 8-form, which would cor- 
respond to the behavior of this band in rubber. The gradual disappearance 
of these new bands arising from the 8-crystalline form as the gutta-percha is 
heated to 71° C is shown in Figure 7, and the appearance of the a-bands is also 
given as the same specimen was cooled very slowly to 54° C. Clearly these 
bands could be used to estimate the relative crystallinity of a sample of gutta- 
percha at various temperatures. 

The dichroism in a film of cold-drawn 8 gutta-percha is shown in Figure 8. 
The results are in general agreement with those of Saunders and Smith, except 
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kia. 8.—Infrared spectrum of cold-drawn 8-gutta-percha; polarized radiation. 


—— Electric vector parallel to elongation. _ 
- ~ Electric vector perpendicular to elongation. 


that the perpendicular polarization of the CH: frequency at 1460 em.~ is much 
more pronounced in our curve. It may be remarked that this band would be 
expected to show more marked dichroism in gutta-percha than in rubber on 
the basis of Bunn’s models, and that no dichrosim has yet been observed for 
this band in rubber. Furthermore, the 1665 em. (arising from the C=C 
frequency) should show a smaller dichroic effect in gutta-percha than in rubber 
according to the Bunn structures. This effect was first observed by Saunders 
and Smith, and has been confirmed by us, although the spectra are not repro- 
duced here. 

The interpretation of the appearance of extra bands between 700 and 900 
em.' in gutta-percha or crystallization remains obscure. The explanation 
must come from a closer study of the relation between absorption spectra and 
crystallinity. A few remarks may be made on the tentative assignments given 
for these bands by Saunders and Smith. These authors have assigned the 840 
em.~' band in a- and §-gutta-percha to a C—C skeletal stretching frequency, 
although in rubber their assignment of the 845 cm.~! band is the same as ours, 
viz., to the CH out of plane deformation frequency. In gutta-percha, they 
assume that the latter mode of vibration has moved to 800 em.~!. No sup- 
porting evidence is given for these assignments, and we feel there is some evi- 
dence against them. The 840 em. band in rubber shifts somewhat to higher 
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frequencies on crystallization; a similar effect was found by us in the 840 em.—! 
band in gutta-percha. This indicates that this band has the same origin in the 
two spectra, whereas the assignment of Saunders and Smith and of Williams 
and Dale would imply that in amorphous gutta-percha the 840 cm.~! band is 
entirely due to a C—C skeletal mode. It would seem strange that the spectra 
of amorphous rubber and gutta-percha which are so similar should have differ- 
ent interpretations for this intense band. 

On the other hand, Saunders and Smith, and Williams and Dale assign the 
bands at 860 and 880 cm. to CH; deformation modes. This seems reason- 
able, but the failure of these bands to appear in crystalline rubber is still un- 
explained. The possibility that interaction effects may occur between some 
of the hydrogenic deformation frequencies analogous to these found in poly- 
thene and hydrocarbons by Stein and Sutherland" should not be overlooked. 


ACKNOWLEDGMENTS 


We wish to acknowledge the loan of the Perkin-Elmer Spectrometer used 
in these investigations from Aero Research, Limited. This work was carried 
out during the tenure of an 1851 Exhibition Scholarship by A. V. J. We are 
indebted to L. R. G. Treolar of the British Rubber Producers’ Research As- 
sociation for certain of the samples used. We would acknowledge the benefit 
of valuable discussions with N. Sheppard and R. 8. Stein. We are grateful to 
D. C. Smith for communicating some of his results to us before publication. 


SUMMARY 


The infrared spectra of rubber and of both forms of gutta-percha have been 
investigated between 5 and 15 w under various conditions. When rubber and 
gutta-percha are each in the amorphous state, their infrared spectra are closely 
similar, although not identical; in the crystalline state, marked differences occur 
between the spectra of these three forms of polyisoprene. Using polarized 
radiation, the dichroic ratios of bands which can be assigned with certainty are 
in general qualitative agreement with the crystalline structures proposed by 
Bunn. The spectrum of rubber crystallized by freezing has been examined at 
low temperatures, and it is shown that apparent intensity changes occur in 
certain absorption bands on crystallization. The importance of this effect in 
using infrared methods to estimate the degree of crystallinity produced in rub- 
ber by stretching is emphasized. Assignments of a few of the main bands are 
discussed, but no attempt is made to give a complete interpretation of the 


spectra. 
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VISCOELASTICITY OF RUBBER * 


Rosert B. Biizarp 


Massacuusetts oF TecHNoLoGy, CAMBRIDGE, MASSACHUSETTS 


INTRODUCTION 


ty The theory developed below deals with the response of rubber to small sinu- 
‘ soidally varying stresses in the frequency range above that at which creep due 
; to scission of the primary bonds is important and below that at which it is so 
stiff that it behaves as an ordinary solid. 

The following assumptions are made: (1) rubber is composed primarily of 
flexible chain molecules, some of which may be joined by cross-links, and (2) 
except for secondary bonds, which are easily ruptured by thermal agitation, 
and the cross-links mentioned above, the chains are free to move in the rubber 
(there is no crystallization). 

It has been shown! that the tension in a length of chain with fixed ends is 
given by: 


Z = kTX(X")n (1) 


where Z is the average z-component of tension, k is the Boltzmann constant, 
T is the absolute temperature, X is the z-component of the separation of the 
ends of the chain, and (X*),, is the mean square z-component of the separation 
of the ends of the chain when it is free. It follows from the random orientation 
of the chain links that: 


with 


= Na?/3 (2) 


where N is the number of links, and a is the effective length of one link, taking 
account of the restriction that the valence angles be 109 degrees. 
From (1) and (2): 


Z = 3kTX/N@ (3) 


so that a length of chain may be represented as a spring whose stiffness K is 
given by: 


K = 0Z/0X = 3kT/Na@ (4) 


This stiffness is what gives the rubber its static modulus. 


THEORY FOR DYNAMIC BEHAVIOR 


In order to extend the static theory to explain dynamic behavior, we must 
have some mechanism for the absorption of energy which accompanies fast 
stretching. When rubber is stretched, the chains straighten out and kinks are 
removed. This process can take place only if the chains slip past their neigh- 
bors. Now, this slipping of chains in rubber is similar to the movement of 
molecules in a viscous substance. There are certain preferred positions caused 


* Reprinted from the Journal of Applied Physics, Vol. 22, No. 6, pages 730-735, June 1951. This paper 
represents work submitted in partial fulfillment of the requirements for the degree of Doctor of Philosophy 
at the Massachusetts Institute of Technology, May 1949. The present address of the author is the Sperry 
Gyroscope Co., Division of The Sperry Corp., Great Neck, N. ¥ 
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by secondary bonds between chains, and thermal energy is needed to break 
these bonds. The average velocity of a given section of chain relative to its 
surroundings is proportional to the force acting on it. Since the surroundings 
of a length of chain are, in part, other chains which have motions of their own 
when the rubber is stretched, we must speak of the average medium surrounding 
a portion of chain. When we say that the rubber is strained in a certain way, 
we mean that the average medium is so strained; we cannot observe the con- 
figurations of the individual chains. 

The model to be used for the dynamic theory consists of a series of spring- 
like chains with compliance C per unit length and viscous coupling R per unit 
length to the average medium. 
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Fig. 1.—(A). Schematic representation of a rubber chain embedded in the body of the rubber. It has 
epeginnes C and viscous coupling R to the average medium per unit length. (B). The electrical analog 
of 1 


Figure (1A) illustrates our model. To make the analysis simpler, the vis- 
cous coupling is shown concentrated at discrete points spaced n links apart along 
the chain. The z;’s represent the z-distances in the average medium between 
points of viscous coupling; they average to zero and the mean square 2 is 
given by: 

(tx?) = na?/3 


When the rubber is stretched in the z-direction so that it is under a strain Q, 
the distances z, change by Qz,. Only a portion of one chain is represented in 
Figure 1; if the chain has free ends, it is terminated as shown, but if it is cross- 
linked, it will be joined to three other chains at the cross-link (one is the con- 
tinuation of the first chain and the others are the two parts of the chain to which 
it is linked). 

This mechanical system could be solved as it is, but, since network theory is 
more familiar in electrical form, we shall use an electrical analog, in which force 
is represented by current, J, and velocity by voltage, V. Compliance and 
mechanical resistance is then represented by inductance, L, and conductance, 
G, respectively. (It will be seen that the correspondences are correct, since the 
defining equation for a mechanical resistance, f = Rv, is equivalent to that for 
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an electrical conductance I = GE; similarly, v = C(df/dt) for a compliance 
becomes, in the electrical analog, E = L(dI/dt).) 

The electrical elements are connected in the same topological configuration 
as the mechanical ones. The mechanical condition that the algebraic sum of 
all forces on a node be zero is now replaced by the condition that the net current 
into an electrical node be zero. Our analog appears in Figure 1B. To simu- 
late the effect of macroscopic strain Q on z,, we use a perfect transformer with 
secondary windings with turns 7, proportional to z,. Then the primary volt- 
age Eo represents rate of change of strain, and J corresponds to stress S. 

Given a time derivative of strain Zo, we want to find Jo. Because the trans- 
former is ideal, energy is conserved and: 


Eolo = Exle (5) 


Because the network is linear, J, can be expressed as a linear function of the 
emf’s in the secondary of the transformer: 


I, = (6) 
i+k 


Y; and Y, are defined by the above equation. Combining (5) and (6): 


Elo => E2¥e+D DY in (7) 
k kjk 


Now Yj, is an orderly function of j and k and does not depend on FE; and 
E;. Since £; is independent of E, and both are randomly positive and negative, 
the double summation averages zero. Therefore: 


To/Eo = (8) 
k 


Since the variation in EZ, are random and independent of Y,, we may use (E,?)w 
in place of EY’: 


Io/Eo = Yu = (na?/3 Ye (9) 


As n is reduced, the number of intervals is increased as 1/n, so that the sum 
approaches an integral for small n: 


Io/Eo = f veoas (10) 


The integral is taken over all chains in unit volume of the rubber, and Y(s) con- 
tains any necessary constants. Since we cannot evaluate R and we have only 
a poor idea of the number of chains per unit volume, we are not concerned with 
these constants. 

If the impressed strain varies sinusoidally with time, Io/E» can be repre- 
sented as a complex quantity, and is known as the complex impedance of the 
rubber. The complex dynamic modulus M is jwIo/Eo. 

The impedance Z(s) = 1/Y(s), seen by the winding at s, is the sum of the 
impedances looking in both directions along the chain. The chain is repre- 
sented as a transmission line with characteristic impedance Z, = (jwL/G)! and 
propagation constant k = (jwLG)!. For such a line: 


Z(s) = Z.{tanh (ks + $4) + tanh (— ks + ¢_)} (11) 
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where ¢, and ¢_ are determined by the terminations at the two ends of the 
chain. 

If we integrate Y(s) over a chain segment of length u with terminations of 
impedance Z, tanh w, and Z, tanh ¢_, we get: 


sinh (ku) cosh (0, — 6_) (12) 
k sinh (ku + 0, + 6_) 


J = {ueoth (ku + 0, + + 


The above expression is the contribution of the piece of chain to the me- 
chanical impedance S(dQ/dt) of the rubber. To get the contribution to modu- 
lus, we multiply by jw: 


M(u, 04, 0_) = coth (ku + 04 + 6_) 


Zk 
sinh (ku) cosh (0, — @_) (13) 
sinh (ku + 60, + 6_) 


If we let ku = (jH)!, then H is proportional to w and is dimensionless. Now 
= jwL so that M(u, is proportional to: 


sinh (jH)! cosh (6, — 6_) 
sinh [(jH)* + 0, + 


To get the relation between frequency and modulus for the whole rubber, 
we must now add up the modulus contributions of all chain segments in the 
rubber. To simplify this process we make some approximations. We con- 
sider three kinds of chain segments according to their terminations. 

First are those with two free ends. For these, 0, = 0. = j}7. Substitut- 
ing in (14) gives: 


(jH)* coth ((jH)* + 0, + 0-] + 


(14) 


A(jH)' = (jH) coth (jH)! — 1 (15) 


For the portion of a chain between a cross-link and a free end, we make the 
simplifying assumption that the end at the cross link is held perfectly rigid. 
For the free end 6, = j} and for the rigid one @_ = 0, so that (14) is now: 


C(jH) = (jH) tanh (jH)! (16) 


For the chain segments between cross-links, a more complex but still simplified 
assumption was made. We consider a model in which the cross-links, instead 
of being randomly distributed, occur at regular intervals along the chains and 
in which the chains have no ends. For this model, (14) does not become very 
simple and we are left with: 


sinh (jH)! 
sinh [(jH)* + 20] 


B(jH) = (jH)' coth [(jH)! + 20] + (17) 


— 1+ (1 + 3 tanh? (jH)})! 
3 tanh (jH)! 


tanh 6 = 


In the next section we shall develop the statistics necessary to estimate the 
numbers and lengths of chain segments of the three kinds described above. 


4 
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STATISTICS 


In order to apply the general theory developed above to a particular kind of 
rubber, we must be able to specify statistically the molecular configuration. 
This problem has been also discussed by Flory? and Stockmayer'. 

DISTRIBUTION IN LENGTH OF THE PRIMARY CHAINS 


We shall deal only with the so-called most probable distribution, since this 
is believed to obtain in ordinary unfractionated rubber. For this distribution, 
the number of chains of length L is: 


N(L) = Lo? exp (— L/L») (18) 


It will be seen that the total number of monomers in the system is now 1, @.e., 


So” LN(L)aL = 


CROSS~-LINKING 


If each link has the chance p to become cross-linked, it can be shown that the 
number of chains with L links and F cross-links is given approximately by: 


N(F, exp [— L(1 + Lop)/Lo] (19) 


The approximation is good for large L and small p. 


GELATION 


Let the gel fraction be called g and the sol fraction s. If at least one of the 
cross-links on a given chain is connected to the gel, then that chain is a part of 
the gel. The chance that a given chain with F cross-links is not part of the gel 
is therefore s*. Thus, the number of chains in the sol having length LZ and 
cross-links F is: 


N,(F, L) = N(F, L)s¥ (20) 


In order to find the sol fraction s, we must add up the contributions of all the 
chains in the sol: 


LN,(F, L)dL (21) 
0J0 


r= 
1 
~ [1 +00 — 

where 6 = L,p. The solutions of the above are: 

s=1, and s=[b+2+ ( + 4b)!]/2b (23) 

As b+ x, s->0. Therefore, we must use the negative square root. Also, 8 is 
never negative. Therefore, we have: 

e= 1 b< 0.5 

s=[b+2+ + 4b)']/2b b>05 


(22) 


(24) 


THE LOOSE-END FRACTION 


We must now determine what average fraction of a chain with F cross-links 
is between one end of the chain and the first cross-link. The chance that the 
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length of the loose end be between z and z + dz is the chance that F — 1 cross- 
links lie between z and L and that one cross-link lies between z and x + dz. 
This is: 

L-¥(L — 


To find the average length of a loose end, we multiply by z and integrate: 


L-F¥x(L — x)¥"Fdz = L/F + 1 (25) 
0 


Thus, the average length in loose ends is: 
2L/F + 1 (26) 


counting both ends of a chain of length L with F cross-links. 
The total amount of loose ends in the gel will be: 


P = (2bg)/L(1 + b)(1 + bg) ] (27) 


The number of loose ends in the gel is, of course, twice the number of chains 
N, in the gel. This number is: 


N, = bg/(1 + bg)Lo (28) 
The average length of the loose ends is then: 
c = P/2N, (29) 


THE EFFECTIVE GEL FRACTION 


We would now like to know the number of cross-linked links in the gel. This 
is given by: 


Jo=X | FN,(L, F)dL = bg(2 g)/Lo (30) 


F=0 Jo 
The corresponding number for the sol is: 
J, = b(1 — g)?/Lo (31) 


The amount of material in the gel in chain segments between cross-links is 
g —P. Call this g*, the effective gel fraction. We divide the effective gel 
fraction by the effective number of cross-linked links to get the effective length, 
b, between cross-links. Each chain end may be considered as a defect which 
could be fixed by a cross-link to another chain end. Thus a chain end is a sort 
of negative cross-linked link. Accordingly, we say that the effective length 
between cross-links in the gel is: 


d = g*/J, —2N, (32) 


THE SOL 


In treating the sol, we shall consider it as being made up of primary chains 
without cross-links. However, we shall consider the effective number of chains 
to be the actual number less half the number of cross-linked links, N, — 3J,. 
The average effective length in the sol is then: 


a = 8/N, — }J, (33) 
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We now have a modulus function, (15-17), for each of our three components 
of the rubber. We also have the weight fractions and the average chain 
lengths for each. 


THE DISTRIBUTION OF CHAIN LENGTHS 


Each of the functions A(jH), B(jH), C(jH) is for a single chain. Now, to 
take account of the distribution of chain lengths, we assume an exponential 
distribution with the average length computed for each of the components. 
We then integrate over chain length and add up the contributions of the three 
components. Consider, for example, the loose end component. The average 
length isc = P/2N, (Equation (29)). Let the length of a particular loose end 
be u. The assumed distribution in length is: 


N(u) = (P/c*) esp (— u/c) (34) 


(It will be seen that this integrates to give a total of P/c = 2N, loose ends.) 
Now let H in (16) be equal to wu*®. For the contribution of the loose ends to 
the modulus, we now have: 


M. -{ N(u)CQGH)du  (H = wu’) (35) 
0 


We treat the other two components in the same way and get M, and M4. 
EFFECT OF INITIAL TENSION IN CHAINS 


It has been shown! that initial tension in the chains produces a component 
of static modulus equal to that produced by the stiffness of the chains. There- 
fore, a constant modulus must be added which is equal to the low frequency 
limit of the modulus computed from consideration of chain stiffness. 


RESULTS OF THEORY 


The results of the theory are shown in Figures 2 and 3. Relative modulus 
and frequency are shown, because we cannot predict the magnitude of the 
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Fia. 2.—Theory for three values of 6, the average number of cross-linked links per primary chain. 
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RELATIVE MODULUS 


RELATIVE FREQUENCY 


Fia. 3.—Theory for b = 


viscous coupling. However, all curves in Figure 2 are to the same scale and 
show the variation in modulus to be expected with increasing cross-linking of 
the same rubber. At high frequencies, the real and imaginary parts of modulus 
approach equality and become proportional to the square root of frequency. 
At low frequencies, the real part approaches a constant value (for b > 0.5), 
and the imaginary part becomes proportional to the frequency. For b < 0.5 
(no curves shown), the real part becomes proportional to the square of fre- 
quency at low frequencies. 


MEASUREMENTS 


Measurements of shear modulus were made with a specially designed 
vibrator’. The auxilliary apparatus was modified by the author to permit 
measurements at low frequencies so that the useful frequency range was from 
0.0125 ¢/sec to 750 ¢/sec. Thus, a frequency ratio of 60,000 was available on 
one instrument without disturbing the sample. The maximum shear strain 
was about 0.025 percent, well within the linear range. 

Results of measurements on three kinds of rubber are compared to theory 
in Figures 4-6. To get agreement, a pure viscosity is added to the original 
imaginary part (shown dashed). Since this is not predicted by the theory, it 


~ 
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' 0 


FREQUENCY, CYCLES/ SEC 
Fic. 4.—Curves: Theory for b = «©, The dashed curve shows the imaginary part of modulus before 


— of a term proportional to frequency (1.e., a pure viscosity). Points: Measured modulus of a crepe 
rubber. 
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Fig. 5.—Curves: Theory for 6 = ». Points: Measured modulus of a Hycar vulcanizate. 


presumably does not depend on the distortion of the chains but is the sort of 
viscosity which would be found in the monomer. 

At low frequency, the imaginary part of modulus seems always to be larger 
than predicted by theory, indicating that another mechanism than the one 
considered in the theory is important in this range. In some rubbers measured, 
this effect was large enough, and extended to high enough frequencies, to mask 
the effects which in other rubbers seem to agree with theory. 


KIRKWOOD’S THEORY 


It should be mentioned that Kirkwood’s theory® also agrees fairly well with 
the data. However, it has the serious defect of predicting that, as the degree 
of cross-linking goes to zero, the complex modulus at any constant frequency 
goes to zero, even for infinitely long primary chains. This is in contrast to the 
author’s theory, which predicts that as the cross-linking goes to zero, the 


modulus becomes independent of the degree of cross-linking and remains finite 
at finite frequencies. 


af 


MODULUS, OYNES/CM® 


10 1000 
FREQUENCY, CYCLES/SEC 


Fig. 6.——Curve: Theory for 6 = 4. Points: Combined data on a Butyl rubber for 20° and 5° C. The 
triangles and z's are for 5° and the circles and crosses are for 20°. To use both sets of data on one graph, 
that for 20° C was shifted to the left to make the real part of modulus agree with that for 5° C. The fre- 
quency scale is correct only for the 5° C data, and must be multiplied by seven for the other. 
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SUMMARY 


A theory has been obtained for the viscoelastic behavior of rubber in the 
frequency range above that at which creep is important and below that at 
which it behaves like a hard solid. The rubber chains are treated as springs in 
a viscous medium, and a general expression is obtained for the contribution to 
modulus of a single section of chain as a function of its length and terminations. 
A statistical estimate is made of the number of chain segments having given 
length and terminations. A modulus function is found for the group of chains 
with each kind of termination, and these are added in the proper amounts to 
give the form of the modulus vs. frequency curve for any amount of cross- 
linking. 

Measurements of shear modulus were made on one apparatus at frequencies 
between 0.0125 and 750 cps. Agreement is good if a pure viscosity is added to 
the theory. However, at low frequencies the imaginary part of modulus does 
not decrease as much as predicted. 
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APPENDIX 


Formulas for rubbers measured: 


CREPE RUBBER 


Crepe rubber 
Zinc oxide 
Sulfur 
Butyl-8 


HYCAR 


Hycar OR-15 
P-33 black 
Zine oxide 
Benzoic acid 
Sulfur 
Butyl-8 


GR-I 70 

Zine oxide 

Sulfur 

Stearic acid 
Thiuram-M 
Mercaptobenzothiozole 
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FORMATION OF BOUND RUBBER OF GR-S TYPE 
POLYMERS WITH CARBON BLACKS * 


June Duke W. K. Tarr 
GOVERNMENT LABORATORIES, UNIVERSITY OF AKRON, AKRON, OHIO 


AND 
I. M. Ko.rTHorr 


Universiry oF Minnesota, MINNEAPOLIS, MINNESOTA 


The combination of various types of carbon black with natural and synthetic 
rubbers to form the bound rubber-black complex has been discussed by many 
authors. Recently, the effects of the temperature of mixing the rubber and 
black on the results obtained for blacks made by different processes and com- 
bined with GR-S made at 41° and at 122° F have been published’. Sperberg? 
correlated the amount of bound rubber and the tightness of the combination 
with the resistance to abrasion encountered in actual road tests. Sweitzer* 
concurs in this view, and goes further to state that the carbon gel complex sets 
the pattern for the ultimate form and performance of the vulcanized stock. 

Previously published work has been concerned mostly with natural rubber 
or with commercial samples of GR-S, made at 122° or at 41° F, to the usual 
conversion and viscosity levels, combined with blacks at conventional loadings. 
This report is concerned with the study of more extensive loadings, as well as 
with the effect of the polymerization variables of temperature of reaction, per- 
centage conversion, and viscosity of the GR-S polymers on the polymer-black 
gel formed during milling. The experimental polymers in this investigation 
were standard GR-S made at 122° F (X-539) and various polymers of the 
GR-S butadiene-styrene ratio made at 41° and at 122° F in 5- or 500-gallon 
reactors at the Government Laboratories. The variables in these substanti- 
ally gel-free polymers are shown in Table I. 


TABLE I 
EXPERIMENTAL POLYMERS 


Polymerization Con- 

temperature version Viscosity 
Polymer (° F) (%) (ML-4) 
6HS2M 72 
33HP7C 49 
5HH Bld 1 L2 
3PCE3 
X-539 
3PC465 
5HH45 
5HH68 
33HPA4C 
5HHC Bld 1 
5HHC21 


* Reprinted from Industrial and Engineering Chemistry, Vol. 43, No. 12, pages 2885-2892, December 
1951. This work was sponsored by the Office of Rubber Reserve, Reconstruction Finance Corporation, 
in connection with the Government synthetic-rubber program. 
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PROCEDURE AND DISCUSSION 


To substantiate the techniques used, the effect of milling time was deter- 
mined with X-539 GR-S and Wyex easy-processing channel black (EPC) on a 
10 X 20 inch mill at two temperature levels and at two loadings of the black, 
25 and 125 parts per 100 parts of rubber (p.h.r.). Results of gel determinations 
in a Soxhlet at the reflux temperature of benzene were 3 to 5 per cent lower at 
both earbon black loadings than results obtained in the Baker cell. Since the 
Baker method! of soaking 0.25 gram of stock in 100 ec. of benzene at room tem- 
perature in an undisturbed state permits the determination of swelling index: 

weight of swollen gel 


el swelling index = 
weight of dry gel 


as well as the dilute solution viscosity of the sol fraction at 25° C, this method 
was used for determination of all of the gel results reported, except where noted 
otherwise. This static method does not disperse the black as readily as do the 
mobile methods. 

The results indicate that equilibrium is obtained by milling for 30 minutes 
and that at a loading of 25 parts of black the effect of milling temperature on 
binding of the polymer and the black is quite noticeable, whereas at a loading 
of 125 parts, this effect is small. The preferential binding of polymer of higher 
molecular weights is also noted. This observation has been reported previ- 
ously by many authors. 


EFFECT OF MIXING TEMPERATURE AT DIFFERENT LOADINGS 


With X-539 polymer, a series of tests was made by mixing 25, 50, 100, and 
125 parts of EPC black on a mill for a total time of 30 minutes, including 8 
minutes to band and refine the raw polymer. The mill rolls were cooled or 
heated, as necessary, to obtain the final temperatures shown in Table II. The 
gel or benzene insolubles (bound polymer plus black), gel swelling index, and 
dilute solution viscosity of the sol portion were determined by the static method* 
for gel determination after a resting period of 48 hours, which has been shown 
to be about the time necessary for equilibration®. A few points were then 
checked with high modulus furnace black (HMF), Statex 93, high abrasion 
furnace black (HAF), Philblack 0, and acetylene black in place of the EPC 
black. From these determinations, the data in Table II were calculated as 
shown: 


Bound polymer, % 


parts of black /100 parts rubber 100 
po 100+parts of black /100 parts rubber 100 
parts of black/100 parts rubber x 100 


100+parts of black/100 parts rubber 


100 — 


&% bound polymer X 100 
parts of black/100 parts rubber 


Bound polymer, % black = 


In Figure 1, the curves indicate the relationship for EPC black (from the 
data in Table II), at the loadings shown for the bound polymer expressed as 
percentage black, with variations in the final temperature of the mix. As the 
temperature was increased, at loadings of 25 and 50 parts of black, sorption 
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Tasie II 


Mixing Temperature, Tyrer, AmMouNT OF CarBon BLack 
ON THE FORMATION OF CARBON-POLYMER GEL 
Black 
‘partes Gel Bound Bound 
100 parts we swelling polymer polymer 
rubber index (%) (4% black) 


EPC Black 


+ 
“I 


= 


1. 
1 
1. 
1. 
0.9 
0. 
0 
0. 
0. 
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SSS SF 
3&3 


* Temperature of stock. 
* Black solution. 
«Gray solution. 
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205 10 18" 10° 100° 

305 17.5 24° 1.42 11 63" 

se 170 25 35 34 19 76 

200 25 37 23 21 84 
er 300 25 45 19 31 124 

— - 175 50 57 12 36 72 

4 190 50 56 12 34 68 ; 
oe i 200 50 it 13 34 68 

— 215 50 56 13 34 68 

— 250 50 57 13 36 72 

270 50 58 11 37 74 

<a 295 50 60 11 40 80 

Ae 305 50 58 12 37 74 

225 100 75 5 50 50 
i 2330 100 75 6 50 50 

7 260 100 78 5 56 56 

— 205 100 76 5 52 52 

a, ee 200) 125 85 4 0.61 66 53 

220 125 5 0.76 62 50 

— 245 125 8! 4 0.66 57 46 

270 125 81 4 0.73 57 46 

300 125 4 0.67 64 51 

a 300 125 8 4 0.90 62 50 

HMF Black 

fee 175 25 26 24.5 1.70 7 28 

250 25 27° 30 1.63 9 36 

a 160 50 49 12.5 1.46 24 48 

on | 180 50 47 11.5 1.45 12 42 

— 260 50 47 14 1.36 21 42 

at a 235 100 69 6 1.08 38 38 

_ 250 125 72 4 0.78 36 29 

HAF Black 

a 105 25 34 28 17 68 

eek 200 25 34 28 18 72 ; 
ee 220 25 34 29 18 72 

beet 260 25 43 22 29 116 

oe 210 50 55 13 33 66 

san 265 50 59 12 39 78 
220 100 76 3.5 52 

<a 350 100 78 5.5 56 56 

260 125 2.5 64 51 

Acetylene Black 

cr. 180 25 30 19 13 52 

tee. 200 50 47 11.5 21 42 

vehaes 215 100 72 5 44 44 

et 230 125 75 4.3 44 35 

Va 
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bonds, or polar attraction forces, or the chemical combination of the black with 
the polymer possibly through oxygen linkage, as described by Sweitzer’, have 
become more potent. At loadings of 100 and 125 parts of black, the effect of 
temperature on these forces becomes much less marked. This observation 
would indicate that, at loadings possibly up to about 60 to 80 parts of black, 
the temperature of mixing is significant in binding the polymer to the black, 
whereas at higher loading, the important consideration is not temperature. 


x 
a 
= 
3 
a 
2 
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‘~ PHR OF EPC e 
e 
e 


(300+ °F) 


is} 


125 PHR OF EPC 


220 240 260 
MIXING TEMPERATURE , °F 


Fig. 1.—Bound polymer per cent black rs. mixing temperature at various loadings of X-539. 


The spot checks with HMF, HAF, and the acetylene black indicate that 
EPC and HAF are somewhat similar in their ability to combine with the poly- 
mer to form gel at the different temperatures. The slope of the bound polymer 
per cent black vs. mixing temperature for HAF at 25 and 50 parts per 100 parts 
rubber is steeper than that for EPC (dotted lines in Figure 1). This observa- 
tion should be related to the greater scorchiness of HAF black compounds. At 
the higher loadings, HAF appears somewhat more reactive than the EPC, al- 
though the differences may well be within experimental error. In any case, 
these two blacks are nearly alike, whereas the HMF and acetylene blacks are 
considerably less active. The relative reactiveness of these last two is not 
clear; at loadings of 25 and 100 parts per 100 parts rubber, acetylene is closer 
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to the EPC curve, whereas at 50 and 125 parts per 100 parts rubber, the order 
is possibly reversed. The following surface areas, in square meters per gram, 
were determined for these blacks by Drogin and Bishop*: EPC, 106.8; HAF, 
69.2; HMF, 38.6; and acetylene, 16.1. 


EFFECT OF MIXING TEMPERATURE AND LOADING 
ON THE GEL SWELLING INDEX 
Not enough data have been obtained to correlate the blacks in accordance 


with the tendency of these polymer-black gels to swell in benzene. Much 
tighter polymer-black gel is formed at higher loadings, as shown in Figure 2 and 


300°F 


OLUTE SOLUTION VISCOSITY 


GEL SWELLING INDEX 


LOADING OF BLACK, P.H.R. 


Fig. 2.—Gel swelling index and DSV rs. black loading. 


Table II, and the effect of higher temperature is to cause somewhat tighter gel; 
the lower the carbon black loading, the greater the effect of temperature. 


RELATIONSHIP BETWEEN POLYMER BOUND AND CARBON 
BLACK LOADING 


The relationship between the polymer bound by the black and the amount 
of black used in the mix is shown in Figure 3. The shape of this curve is op- 
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Fie. 3.—Bound polymer per cent black vs. black loading. 
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posite from that reported by Sweitzer’, probably because of the differences in 
the gel techniques used. All of the sol portions discussed thus far were clear 
with all of the black retained by the gel, except for the loadings of 10 and 17.5 
parts of EPC black per 100 parts of rubber and the 25-part loading of HMF 
black. It appears that, with decreasing amounts of black, the black-polymer 
gel becomes more dilute in the polymer portion of the gel and, hence, the swell- 
ing of the polymer portion becomes greater. This condition is reflected in 
Figure 2 where, with benzene as the solvent, the swelling index becomes greater 
with a decrease in the black content as well as with a reduction in the milling 
temperature. The validity for the extrapolated portions of Figure 3, where at 
loadings below 25 parts per 100 parts of rubber the curves are shown to con- 
tinue upwards, has been substantiated by using another solvent (data not 
presented). 


SELECTIVITY OF BINDING OF HIGH MOLECULAR WEIGHT FRACTION 


The preferential binding of the higher molecular weight fraction of the 
original polymer shown in Figure 2 raised the question as to how selective was 
this binding. Consequently, X-539 was mixed on cooled mill rolls with 25, 50, 
100, and 125 parts of EPC per 100 parts of rubber. The polymer-black was 
removed by dissolving the soluble portion in benzene. The sol was fraction- 
ated by ethanol precipitation according to Johnson’s method’. The amounts 
of these findings plus the bound polymer were calculated and are shown in 
Table III as percentages of the total polymer in the mix. The distribution of 


TaBLeE III 


Mo.LecuLaR WEIGHT DISTRIBUTION OF FRACTIONS OF POLYMERS 
REMAINING UNBounp By EPC Carson 


Distribution between DSV (%) Bound Total Mixing 


rubber) sol 0-1 1-2 23. 34a 
o 2.04° 33 27 18 12 10 0 100 jas + 
25 1.44 36 27 19 vi sh 18 100 170 a 
50 1.15 41 23 3 i ‘a 33 100 190 


100 0.78 11 52 100 225 


* Original polymer (X-539) not milled. 
Mpa distribution curve, this DSV is calculated to be 1.89, assuming average viscosity for polymer in 
each range. 


the original unmilled polymer is not exactly comparable with the distributions 
after the 30-minute mixing period because, as shown in Table IV, there has been 
some decrease in average molecular weight of the polymer caused by the band- 
ing and refining process. Regardless of this possible discrepancy, it will be 
noted that, as the amount of carbon black is increased, the higher molecular 
weight material is selectively removed. The results of mixing, at various tem- 
peratures and times, the same weight of polymer alone as previously used with 
the blacks are shown in Table IV and indicate that, at mixing temperatures of 
265° F and lower, the formation of the black gel is not concurrent with the 
formation of true polymer gel. Above 280° F, it is possible that the gel formed 
is partially macropolymer gel, not combined with the black. However, in the 
results shown in Table III, no appreciable amount of macropolymer gel was 
formed because temperatures were below 265° F. 
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Black 
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In the calculations throughout, it has been assumed, regardless of tempera- 
ture of mixing, that the polymer gel formed with the black is truly bound poly- 
mer, not a mixture of bound polymer and macrogel. In support of the validity 
of this point of view, the data for EPC shown in Figure 1 do not indicate a dis- 
tinct change in slope at temperatures above 265° F, which would be expected if 
free macrogel were present from the preliminary refining or from the further 
mixing at temperatures above 265° F. It must be assumed, therefore, that 
all of the gel has been bound on the black. Since macrogel may be formed 
during these periods, possibly because of oxygen cross linkage at temperatures 
above 265° F, it must be assumed that the bonding is such as to allow the black 
to enter into the combination. 


TaBLe IV 
Errect or MILuNG TEMPERATURE ON FORMATION OF MACROGEL 
(X-539 polymer) 
Milling Gel 
temp. Gel swelling 
(° F) (%) index 


Stock Mixed for 30 Minutes 


w 


0 
l 
0 
2 
18 
18 
14 
14 
17 
20 


to: 


Stock Mixed for 3 Minutes to Band 


2 
2 


Stock Mixed for 8 Minutes (5 Minutes of Refining) 


3 
300" 


¢ Temperature of the mill roils. 


Kolthoff and Kahn* have shown that GR-S type of rubber is sorbed by 
Graphon and that the amount of rubber sorbed after one hour changed only 
slightly, but that the inherent viscosity of the supernatant liquid increased in- 
itially and then decreased over a period of 40 hours. These same authors with 
Gutmacher® have also reported that there is no appreciable difference in the 
amount of sorption, under equilibrium conditions, of rubber fractions having 
average molecular weights varying between 32,000 and 230,000. 


REMIXING OF BOUND POLYMER-BLACK WITH FRESH POLYMER 


To determine whether bound polymer will be replaced by material of higher 
molecular weight when the polymer-black complex is remixed with fresh poly- 
mer, the polymer-black complex obtained by mill mixing X-539 with 125 parts 
of EPC black per 100 parts of rubber was recovered by dissolving the sol in 
benzene. This polymer-black complex was dried and then remixed with suffici- 


4 
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200 0 

250 0 
265 0 

290 104 

205 105 

300 
305 101 
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ent raw X-539 so that 27.9 and 56.7 parts of black per 100 parts of rubber were 
contained in the total mix. The results are presented in Table V. 


TABLE V 
Errect or Remrxinc PotyMer-Biack CompLex Raw X-539 


Total 
black 
loading Distribution between 
; (parts/100 Milling 4 DSV (%) Bound Total 
Mixing parts temp. f AN polymer polymer 
procedure rubber) (° F) 0-1 1-2 2-3 (%) (%) 

No. 1¢ 25 170 36 27 19 18 100 
No. 2 27.9 175 28 18 28 26 100 


No. 1¢ 50 190 41 23 3 33 100 
No. 2° 56.7 185 23 34 i 43 100 


Raw polymer. 
+’ Bound polymer plus raw X-539. 


Molecular-weight distributions before and after mill mixing show that the 
higher molecular fractions are split preferentially to lower molecular weight 
materials, but any breakdown in the raw polymer resulting from the milling 
has been ignored in calculating the values presented in Table VI; the distribu- 
tions were calculated from the results of Table V. 


TABLE VI 
CALCULATION OF POLYMER DISTRIBUTION 


Polymer 0-1 1-2 2-3 3-4 
For Loading of 27.9 Parts EPC/100 Parts Rubber 


Raw X-539 0 33 27 18 13 
60.8% of raw X-539 in No. 2 mix 0 20 17 11 7 


Polymer-black complex? 55.5 
39.2% of polymer-black complex 
in No. 2 mix sto 
100% polymer (sol portion) 0 28 18 28 se a 26 
100% mix 22 22 14 22 i os 20 
Mix picked up 20 — 17 = 3% of bound polymer 
— DVS distribution, loss in DSV range of 3 to 5 = 13% (amount of raw polymer 
ound) 


For Loading of 56.7 Parts EPC/100 Parts Rubber 


Raw X-539 0 33 a7 18 12 10 
34.7% of raw X-539 in No. 2 mix 0 12 9 6 4 4 


Polymer-black complex? 55.5 
65.3%? of polymer-black complex 
100% polymer (sol portion) 0 23 34 Fe 2 at 43 
100% mix 36 15 22 27 
Mix lost 29 — 27 = 2% of bound polymer 


From DSV distribution, loss in DSV range of 2 to 5 = 14% (amount of raw polymer 
bound) 


" myer pe by weight, of X-539 and polymer-black complex required for desired carbon black loadings 
in the total mix. 
+ Obtained from mill mix of 100 parts of X-539 and 125 parts of EPC black. 


\ 

4 

Carbon Bound 

black polymer 

10 Nil 

6 Nil 

Nil 

Nil 
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These results, as well as those presented earlier in this paper, reveal that at 
both black loadings, the polymer of very low molecular weight has not been 
bound by the black during the mixing procedure and that the highest molecular 
weight portions of the raw polymers have been broken down. These calcula- 
tions indicate that during the mixing with approximately 25 and 50 parts of 
EPC black the net change has been a gain of 3 per cent of bound polymer in 
the first instance and a loss of 2 per cent in the second. Since the distribution 
values for the raw polymer and sol portions indicate the disappearance of the 
higher molecular weight fractions of the raw polymer and generally show an 
increase in the amount of the sol at DSV values above 1.0, it is interpreted that 
breakdown alone has occurred during mixing procedure No. 2 and that an inter- 
change in the molecular weight of the polymer bound to the black did not occur. 
This conclusion is considered valid, because if the high molecular-weight poly- 
mer had replaced the low molecular-weight bound polymer, there would have 
been a marked increase in bound polymer after the second mixing. These 
results appear to be contrary to those obtained by Kolthoff and Kahn* by 
sorbing polymer from dilute solution on Graphon, where the high molecular 
weight polymer displaced the sorbed low molecular weight portions during 
time of contact, and indicate that sorption from dilute solution and the binding 
of the rubber by black during milling are not similar. 


EFFECT OF VISCOSITY OF POLYMER 


Five of the gel-free polymers listed in Table I, varying in viscosity from 24 
to 72 ML-4, were milled with 50 parts of EPC black per 100 parts of rubber. 
The bound polymer percentage black in the masterbatches varied directly with 
the viscosity (Table VII and Figure 4). It is generally conceded that polymers 


TaBLe VII 


Errect or Viscostry or GR-S Mabe aT 122° F on ForMATION 
or CARBON-POLYMER GEL 


Polymer mill-mixed with 50 parts EPC black per 100 parts rubber 


Original polymer 
r Bound 
Con- Mixing Gel Bound polymer 
Viscosity, version swelling polymer 
ML-4 DSV % black) 


24 0. 
39 i. 
43 1. 
50 1. 
72 1 


96 22 44 
11 28 56 
18 28 56 
25 30 60 
26 33 66 


of high viscosity give increased tread wear, so these results are in line with 
increasing bound polymer giving greater road wear, and further confirm the 
statements of Sperberg” and Sweitzer? mentioned earlier. 

These results demonstrate that, at relatively low temperatures of mixing, 
a polymer of higher molecular weight is bound preferentially by the carbon 
black, but the effect of mixing temperature is not shown. The results pre- 
sented in Table II and in Figure 1 indicate that at lower loadings, the amount 
of polymer of lower molecular weight bound can be increased by raising the 
mixing temperature. To establish the relative effect of temperature on the 
binding of polymers of different average molecular weights, the same five gel- 
free polymers were milled with 25 parts of EPC black per 100 parts of rubber 
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70 


BOUND POLYMER, % BLACK 


2. 


»” 60 70 80 


VISCOSITY, ML- 4 
Fig. 4.—Effect of viscosity of GR-S made at 122° F. 50 parts of EPC black per 100 parts of rubber. 


at three different temperatures. These results are presented in Table VIII 
and in Figure 5. 

It is apparent from Figures 4 and 5 that the rate of binding is increased as 
the viscosity or molecular weight of the raw polymer is increased or as the tem- 
perature of mixing is increased (also shown in Figure 1). It also appears that 
the threshold molecular weight of polymer that will bind on the black becomes 


less as the temperature of mixing is increased. It is believed that better re- 
sults might be obtained by mixing polymers of low molecular weight at higher 
temperatures than those used for polymers of the usual or high molecular weight. 


VIII 


Errect or Viscosity OF PoLYMER ON FoRMATION OF CARBON-POLYMER 
aT DirrerENT Mrxina TEMPERATURES 


Polymer mill-mixed with 25 parts EPC black per 100 parts rubber 


temp. relli 
24 ML-4 Polymer; DSV, 1.59 
28 1.20 36 
29 1.14 56 
26 1.06 76 


43 ML-4 Polymer; DSV, 2.01 


1.48 
1.47 
1.19 


50 ML-4 Polymer; DSV, 2.04 
1.43 
1.33 
1.21 


72 ML-4 Polymer; DSV, 2.43 


| 190 31 31 14 56 sf 
230 33 26 16 64 ae. 

310 36 26 20 80 a 

170 35 19 76 4 

200 37 21 84 “4 

300 45 31 124 ao 

185 32 38 1.74 15 60 . 

235 36 29 1.61 20 80 Pe. 

305 39 25 1.31 24 96 : 
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OF SOL 


SOLUTION VISCOSITY 


DILUTE 


3 
160 160 200 220 240 
TEMPERATURE OF MIXING. °F. 


Fig. 5.—Bound polymer per cent black and DSV of sol rs. mixing temperature for polymers of 
different viscosities. 25 parts of EPC black per 100 parts of rubber. 


The difference between the dilute solution viscosity of the raw polymer and 
that of the sol fraction of the black-polymer mixture is indicative of the average 
molecular weight of the polymer before it has become bound with the black. 
The distribution values shown in Table IIT indicate clearly selective binding of 
the higher molecular weight portion of the polymer. Therefore the difference 
in DSV represents the value for the high molecular-weight fractions, not an 
average DSV of polymer over the entire range.The curves in Figure 6 show that, 
as the molecular weight of the polymer is increased, the bound portion is of 
higher molecular weight. Conversely, as the molecular weight of the polymer 
mixed with the black is decreased, not only the amount of polymer bound but 
also the range of molecular weight of the bound polymer is decreased. From 
Figure 6 and the actual DSV values shown in Figure 5, it appears that there is a 
limiting value for the DSV of the polymer from which binding will take place. 
With a decrease in mixing temperature at low to practical loadings, the limiting 
value should increase somewhat. The results shown in Tables II and III indi- 
cate that the limiting DSV of a polymer that will be bound is in the neighbor- 
hood of 0.5. 
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To determine this limiting value more exactly, the sol portions of X-539 
that had been mixed with 125 parts of EPC black per 100 parts of rubber were 
separated from the polymer-black portion and the polymer was recovered by 
evaporation. Also several portions of X-539 GR-S were dissolved in benzene, 
precipitated separately by ethanol, and the low molecular weight fraction of 
each polymer was recovered. The dilute solution viscosity of each of these 
recovered polymers was determined and these polymers were also fractionated. 


DSV OF BOUND POLYMER 
° 
a n 


30 40 50 
VISCOSITY, 


Fig. 6.—DSV of polymer bound by black vs. viscosity of polymer at different mixing temperatures. 
25 parts of EPC black per 100 parts of rubber. 


Each of the polymers was mixed with 125 parts of EPC black per 100 parts of 
rubber. The gel contents were determined for each of the mill-mixed master- 
batches and the sol portion of each was fractionated. The results for these 
determinations are shown in Table IX where a corresponding order is used in 
presenting the raw polymers and the mixes. 

The fractions with DSV values of 0.50 to 0.75 were bound for the raw poly- 
mer with an initial DSV of 0.23, indicating the probability that polymer with a 
DSV value as low as 0.50 (corresponding to a molecular weight of approxi- 
mately 30,000) is bound by the black, provided the black’s capacity for binding 
has not been satisfied by polymer of higher molecular weight. These fractions 
of the raw polymer were liquid. Since more polymer was shown to be bound 
from higher viscosity solid stocks than from those of lower viscosity, the results 
for these liquid fractions were compared with those for a known polymer. 

For raw polymer X-539, about 50 per cent of bound polymer, based on the 
black (see Table II), was found during mill mixing, compared to 22, 30, and 11 
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TasBLe IX 
BINDING AND FRACTIONATION OF Low MoLecuLAR WEIGHT POLYMER 
Distribution between DSV (%) 
Milling 


temp. 0.25- 0.50- 0.75- 
(° Fe) y DSV 0-0.25 0.50 0.75 1.0 1-2 


Raw Polymers 


0.79 58 12 4 10 9 
0.66° 18 22 22 14 — 
0.23 50 33 


Mixed with 125 Parts EPC Black per 100 Parts of Rubber 


260 68 0.32 39 19 15 _ — — 
300 72 0.61 13 19 21 10 — — 
200 62 0.19 46 40 


* Temperatures could not be kept constant. 
+ Recovered sol from mix of 100 parts of X-539 and 125 parts of EPC black. 


per cent (Table [X) bound by the same quantity of black from these low frac- 
tions. These observations confirm the decrease in the amount bound by the 
black as the viscosity of the polymer is decreased. Other data (not presented) 
confirm the relative amounts of these low molecular-weight polymers bound 
compared to that bound from X-539 at loadings of 25 parts of black per 100 
parts of rubber. These results, which indicate that the higher molecular- 
weight polymer is preferentially bound by the black, are again contrary to the 
results presented by Kolthoff, Gutmacher, and Kahn’, who showed that sorp- 
tion by black from dilute solutions of polymer is independent of the molecular 
weight of the polymer. 


TaBLeE X 


Errect OF CONVERSION OF POLYMER MADE AT 122° F on ForMATION 
OF CARBON-POLYMER GEL 
EPC Raw polymer 
black, Bound 
(parts/ Mixing Con- Vis- ; Gel Bound polymer 
100 parts temp. version, cosity Gel swelling polymer (% 
rubber)  (° F) (%) ML-4 (%) index DSV (%) black) 
175 50 49 1.60° 8 
60 50 1.622 ge 
72 50 f 1.43 19 
78 56 k 1.56 


1.28 


KRESS RESO 


Gray solution. 
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50 250 50 49 8s 2 2 

50 255 60 50 51 18 115 27 54 

50 250 72 50 a 28 

50 245 78 56 

a 100 «265549 75 7 09 50 50 

100 77 5 110 54 54 
100 75 6 076 50 50 
i 100 255 78 56 77 6 105 54 ° 54 

= 12 20 50 49 82 6 069 59 47 

125 260 60 50 83 5 067 62 50 

. 12 270 72 50 4 81 4 O74 57 46 

12 200 78 56 22 6 074 59 47 
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EFFECT OF CONVERSION 


GR-S specimens (described in Table I) made at 122° F to 50, 60, 72, and 78 
per cent conversion and substantially equivalent viscosities were mixed at rela- 
tively low temperatures with 25, 50, 100, and 125 parts of EPC black per 100 
parts of rubber. The results are shown in Table X. 

The only significant effect apparently caused by increase in conversion of 
polymers made at 122° F is evident at the loading of 50 parts of EPC black per 
100 parts of rubber, where increasing the conversion to the 72 per cent level has 
resulted in a greater amount of bound polymer per unit of black. However, at 
the 78 per cent conversion level, the amount of bound polymer was not in- 
creased further. At loadings of 100 and 125 parts of black per 100 parts of 
rubber, the effect of conversion is not apparent. The failure of the two poly- 
mers of low conversion to bind the 25 parts of black sufficiently to prevent 
colloidal dispersion of the black eliminates the possibility of any conclusions 
for this series. It appears that variables other than degree of conversion are 
interfering and that over the range of 50 to 78 per cent conversion at 122° F, 
the conversion factor is probably not too significant in determining the forma- 
tion of the polymer-black gel. 


Tasle XI 


Errect or CONVERSION OF PoLyMER Mape aT 41° F on ForMATION 
oF CARBON-POLYMER GEL 


EPC Raw polymer 

black, r Bound 
(parts/ Mixing Con- Vis- tel Bound polymer 
100 parts oR version, cosity Gel swelling polymer (% 
rubber) (%) ML-4 DSV (%) index DSV (%) black) 


25 245 50 50 | 32 1.55° 9 367 
25 245 61 54 1.98 28° 35 1.70 10° 40° 
76 ‘ 56° 


26 


* Gray solution. 


In Table XI, data are presented for GR-S polymers made at 41° F in asimi- 
lar range of conversion and mixed at the same loadings of black shown in Table 
X. Interpretation of these results is similar to that for the polymers made at 
122° F. Furthermore, except for the somewhat higher binding with 50 parts 
of EPC black per 100 parts of rubber obtained for the polymer made at 122° 
F compared to that for the polymer made at 41° F, the effect of temperature 
of polymerization on the binding of the polymers of differing degrees of con- 
version is negligible. These results are contrary to expectation and indicate 
again either that variables other than conversion have been encountered or that 
conversion is not an important factor. 


50 24 50 50 42 149 #13 

50 2:0 61 54 198 50 16 158 25 650 . 

50 255 76 55 226 50 19 129 2 50 a 

100-265 77 6 108 54 54 a 

100 «6260 8 086 48 48 

125 275 50 50 4171 84 6 090 64 51 
125 255 61 54 198 85 4 091 66 83 3 

125 295 76 55 226 82 6 061 60 48 2 
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CALCULATION OF NUMBER OF CHAINS PER UNIT OF BLACK 


It has been shown that higher molecular-weight polymer is bound prefer- 
entially by carbon black and that this bound polymer is probably firmly held by 
the black. Also, it has been shown that the bound polymer percentage black 
increases with the viscosity of the polymer and decreases with the amount of 
black mixed with the polymer. The rate of increase with viscosity falls off 
somewhat at the higher viscosities. These findings suggest that the polymer 
is attached at one, or at most a very few, of the functional groups of the polymer 
chain, and that the number of chains per unit of black should be reasonably 
constant for the same type of polymer. If the bound polymer per unit of black 
is divided by the average molecular weight of the bound polymer, the relative 

. number of chains of bound polymer per unit of black should be obtained. This 
3 condition should be true if the polymer chain is attached to the black at one 
end. 

To check this reasoning, samples of mill-mixed masterbatches made with 
X-539 and EPC black, over a range of carbon black loadings and mixing tem- 
peratures, have been selected at random. Since the intrinsic viscosity of a 
polymer is equal to the sum of the intrinsic viscosities of the fractions, the fol- 
lowing method of calculation was used: 


If 
x = intrinsic viscosity of the bound fraction 
y = intrinsic viscosity of the sol fraction 
[m] = intrinsic viscosity of the raw polymer 
a = fraction of the raw polymer that is bound 
and 


= fraction of the raw polymer that is in the sol, 
[yn] = ax + by 


a 


A range of dilute solution viscosities, from 0.7 to 4.50, for various fractions 
of X-539 was used to determine the slope of the intrinsic viscosity versus con- 
centration curve. An average value for this slope, considering possible errors, 
was found to be 1.05, and this factor was used to determine the intrinsic viscosi- 
ties for the calculations. The relationship between intrinsic viscosity and 


TaBLe XII 


Re.ative NuMBER OF PoLyMER CHAINS Bounp PER UNIT OF 
Brack ror GR-S Potymer (X-539) 


EPC black Average number 
(parts /100 parts Mixing of chains per 
rubber) temp. unit of black 
(° F) x 107 
25 200 12.9 
25 300 21.3 
50 175-200 12.4 
50 270-305 14.6 
100 225-230 11.9 
100 260-295 12.3 
125 200 14.6 


300 14.4 
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weight average molecular weight was calculated from the equation’®: 


log M = 4.93 + 1.49 log [n] 


which has been shown to be applicable by osmotic molecular-weight measure- 
ments conducted on fractions of GR-S". The breakdown of the polymers 
caused by the mill mixing was assumed to be that obtained after 8 minutes of 
milling. These assumptions have been used to calculate the relative average 
number of polymer chains bound per unit of black for the stocks shown in 
Table XII. 

The same method of calculation was used for a series of GR-S type polymers 
of different viscosity levels. Breakdown of these polymers, caused by the mill 
mixing, was assumed to be about the same as that for the stocks in Table XII— 
approximately 10 per cent. The results calculated on this basis are shown in 


Table XIII. 


TaBLe XIII 


RELATIVE NUMBER OF PoLYMER CHatins Bounp PER UNIT or BLACK FOR 
PoLtyMERsS OF VaRIoUS ViscosITIES MADE aT 122° F 
Average 
black number 
Vis- (Parts / Mixing of chains per 
cosity yersi 100 parts temp. unit of black 
Polymer MI To) rubber) CF) 107 
3PC465 17.3 
3PC465 7 9.6 
5HH45 i 11.2 
3PCE3 7 10.7 
3PCE3 : ¢ 10.4 
X-539 f 11.5 
6HS2M 85 6.9 
6HS2M f 305 10.1 
6HS2M f 10.2 


The same approach was used to calculate the effect of various polymers 
made at 41° F to different conversion levels; the results are shown in Table 
XIV. 

TaBLeE XIV 


RELATIVE NUMBER OF PoLyMERS CHAIN BounpD PER UNIT 
Biack FoR PotymMersS Mape art 41° F 
EPC Average 
black number 
Vis- (parts / Mixing of chains per 
cosity yersi 100 parts unit of black 
Polymer ML-4 %) eubber) X 107 
33HPA4C 50 50 11.8 
33HPA4C 50 100 ) 17.2 
5HHC 
Bld 1 54 50 5 15.6 
5HHC 
Bld 1 54 100 5 17.4 
5HHC21 55 50 6.9 
5HHC21 55 100 9.6 


In the calculations of the number of polymer chains per unit of black, the 
factors which influence the accuracy include the effect of branching, limited 
accuracy of the intrinsic viscosity-molecular weight relationship at high values 
of both factors, breakdown of the raw polymer during milling, effect of carbon 
black on this breakdown, assumptions made in converting the dilute solution 


| 
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viscosities to intrinsic viscosities, experimental errors encountered during the 
milling and in the analytical procedures, and variations in the types of polymer. 

When these factors are taken into consideration, the agreement in the cal- 
culated values shown in Tables XII, XIII, and XIV for the relative number of 
polymer chains attached to each unit of black is believed to constitute reason- 
able substantiation of the assumption. Thus the polymer apparently attaches 
to the black at one, or at most a very few, of the functional groups of the poly- 
mer chain and the number of chains is relatively independent of the loading of 
black above 25 parts per 100 parts of rubber, provided the polymer does not 
contain gel of a type that will not enter into the black complex and the molecu- 
lar weight of the bound polymer is between 200,000 and 1,000,000. 


SUMMARY 


The bound rubber-black complex formed by milling various GR-S polymers 
and carbon blacks at several temperature levels was studied. The amount of 
bound polymer increased with greater loadings of black, but per unit of carbon 
black, it decreased at the higher black loadings. 

The temperature of mixing likewise has a large effect—at lower carbon black 
loadings, higher temperatures increase the amount of binding; the effect is 
minimized as the loading is increased until at high loadings (100 to 125 parts 
of black per 100 parts of rubber) this effect is eliminated. By fractionation of 
the sol portion, it has been shown that polymer of progressively lower molecular 
weight is bound as the black loading is increased. Polymer of high molecular 
weight does not replace bound polymer of lower molecular weight ; the polymer 
of higher molecular weight is preferentially bound during mill mixing. 

Although more polymer appears to be bound as the conversion is increased 
from 50 to 72 per cent at a loading of 50 parts of black, other factors besides 
conversion may be determinative. No differences in relationship were found 
for polymers made at 122° or 41° F. 
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TRANSMISSION OF MECHANICAL VIBRATIONS 
THROUGH RUBBERS * 


Ross E. Morris, Ropert R. JAMEs, AND Haroup L. SNYDER 


Rusper Laporatory, Mare Istanp SuHipyarp, VALLEJO, CALIFORNIA 


Many investigations of the dynamic properties of rubber have been reported. 
Outstanding contributions in this field were made by Dillon, Prettyman, and 
Hall', Gehman, Woodford, and Stambaugh?, Mullins’, Nolle*, Stambaugh‘, and 
Witte, Mrowca, and Guth*. None of the previous investigations, however, 
has been sufficiently comprehensive from the standpoints of the numbers of 
rubbers tested or the frequency range covered to serve as background for the 
development of rubber mountings for sound isolation. The present paper de- 
scribes an investigation of the transmissibilities of natural rubber (Hevea) and 
various synthetic rubbers in vulcanized form for vibrations in the range of 
audible frequencies. These rubbers were compounded to have essentially the 
same static modulus in compression and to have a hardness of approximately 
50 Shore A. 


TESTING PROCEDURE 


The testing procedure for determining transmissibility consisted basically 


of clamping a rubber specimen between two metal plates, causing one of the 
plates to vibrate through a small amplitude, and measuring the vibrational 
force transmitted through the rubber to the other plate. All vibration testing 
was done at room temperature, which ranged from 81° to 86° F (27° to 30° C). 

A piezoelectric transducer was used to generate vibrations of any desired 
frequency in the audio range. An identical transducer was used as a detector. 
The rubber was in the form of a right cylinder, and was compressed axially to 
exactly 20 per cent deflection between the opposing metal faces of the two trans- 
ducers. The whole assembly was held together by a vise in the form of a 
heavy steel yoke. The threaded plunger of the vise, on which the detecting 
transducer was mounted, could be held at any desired position by means of a 
locknut. The assembly was isolated from outside vibrations by hanging it with 
rubber rings from a framework mounted ona bench. The essential features of 
this apparatus were suggested by A. W. Nolle of the University of Texas. 

Figure 1 is a photograph of the assembly, and Figure 2 shows a close-up of 
the rubber specimen clamped between the transducers. 

The transducers were actually accelerometers made by the Massa Labora- 
tories, Inc., Hingham, Mass.’. Each consisted of an assembly of several am- 
monium dihydrogen phosphate crystal plates mounted within a stainless steel 
housing 1 inch in diameter and 1 ys inches long. The housing was closed with 
a metal cap, which had on its outer face a concentric cavity }§ inch in diameter 
and inch deep. In order to position the rubber specimen between the trans 
ducers, a brass plate & inch thick and } inch in diameter was inserted in the 

rinted from Industrial and Engineering Chemistry; Vol. 43, No. 11, pages 2540-2547, November 


1961, Re paper was presented before the Division of Rubber Chemistry of the American Chemical 
Society at its meeting in Washington, D. C., February 28-March 2, 1951. 
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cavity in the end of each transducer. Intimate contact was assured by a film 
of grease. Each brass plate had a concentric cavity ¢ inch deep and 3 inch in 
diameter on its outer face for positioning the rubber specimen. The rubber 
specimen was } inch thick and }? inch in diameter before compression. 

The generating transducer was caused to vibrate in its longitudinal direction 
by applying alternating current at 300 root-mean-square volts to the crystals. 


Fic. 1.--Apparatus used for measuring transmission of vibration. 


The current was obtained from a Hewlett-Packard Model 205AG audio signal 
generator with a step-up transformer. The voltage to the generating trans- 
ducer was read from a Hewlett-Packard Model 400A vacuum tube voltmeter. 
The voltage produced in the detecting transducer by the vibrations was ampli- 
fied by a Massa M-114B preamplifier and a Hewlett-Packard Model 450 ampli- 
fier, and indicated by a Hewlett-Packard Model 400A vacuum tube voltmeter 
in root-mean-square volts. As a separate experiment, the phase angle between 
the voltage in the generating transducer and the voltage in the detecting trans- 
ducer was measured by connecting the Y axis of a DuMont Type 304H cathode- 
ray oscillograph to the audio signal generator and the X axis to the amplifier in 
the detector circuit®. 

Measurements of transmission at various frequencies were commenced 1 
hour after the specimen was compressed between the transducers. 

It was found that measurements of transmission could not be made at 
higher frequencies than 2000 cycles per second because of mechanical reson- 
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Fig. 2.—Close-up of rubber specimen clamped between transducers. 


ances in the apparatus, which caused great apparent increases in transmission 
at certain frequencies. These resonances were also observed when no rubber 
specimen was clamped between the transducers. A plot of the voltages at the 
detecting transducer for the latter arrangement is given in Figure 3. 

The range of frequencies covered in this investigation was adequate for 
practical purposes; experience has shown that vibrations from ordinary mach- 
inery usually have no components of significant intensity with frequencies 
higher than 2000 eycles per second. 

The output of the detecting transducer when the generating transducer was 
not operating did not exceed 80 microvolts at dny time. This output, which 
was due to background noise, either electronic or airborne, had a negligible 
effect on the output of the detecting transducer when the generating transducer 
was operating because it was far below the voltage created by the vibrating 
rubber specimen. 

The voltage produced in the detecting transducer by the vibrational force 
passing through the test-specimen was used as the basis for comparing the 
rubbers. It was assumed that the amplitude of vibration of the generating 
transducer remained constant over the frequency range and was the same for 
all rubbers. It was also assumed that the detecting transducer produced a 
voltage proportional to the vibrational force acting on it. These assumptions 
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were based on two characteristics of the transducers: their large mechanical 
impedance compared to rubber, and their outstanding efficiency for converting 
voltage to mechanical motion and mechanical force to voltage. 

According to Massa*, the amplitude of vibration of the generating trans- 
ducer was approximately 3 X 10~* inch when 300 volts was applied to the ter- 
minals, and was relatively{constant over the frequency range used. This very 
small amplitude is of the same order of magnitude as the amplitude of vibration 
of machinery supported on rubber mountings at frequencies above 100 cycles 
per second, according to unpublished information obtained at the Industrial 
Laboratory, Mare Island Naval Shipyard. 
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Fig. 3.—Voltages at detecting transducer. Rubber specimen not clamped between transducers. 


The phase angle between the voltage applied to the generating transducer 
and the voltage produced in the detecting transducer was used to calculate the 
relative internal viscosities of the rubber specimens. It was assumed that the 
voltage applied to the generating transducer was in phase with the amplitude 
of vibration of the rubber specimen and that the voltage produced in the de- 
tecting crystal was in phase with the force of vibration. In order for these as- 
sumptions to be valid, it was necessary that the transducers and associated 
voltage measuring circuits should not themselves introduce hysteresis into the 
system. That they did not do so to any significant extent was demonstrated 
by performing a transmission experiment with a solid brass cylinder 0.75 inch in 
diameter and 0.40 inch long, clamped between the transducers. The same 
clamping force, 62.6 pounds, was used as in the case of the rubber specimens. 
As the brass cylinder had much higher mechanical impedance than the trans- 
ducers, no mechanical work was done on it; it merely transferred the force 
created by the generating transducer to the detecting transducer. Hysteresis 
losses, therefore, could occur only in the transducers themselves or in the volt- 
age-measuring circuits. 

The phase angle found using the brass cylinder was 2° over most of the fre- 
quency range. This phase angle could not be used as a correction for phase 
angles found when testing rubber specimens because the conditions of measure- 
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ment were not the same. In the experiment described, the generating trans- 
ducer was operated at much less vibrational amplitude and the detecting trans- 
ducer was operated at much greater amplitude than when a rubber specimen 
was being tested. However, the small phase angle found in the present experi- 
ment demonstrated the low level of power losses in the transducers and electrical 
circuits. 


PREPARATION OF TEST SPECIMENS 


The rubbers tested were Hevea, Neoprene Type FR, Neoprene Type 
GN-A, Neoprene Type RT, Neoprene Type W, GR-S, X-453, X-454, X-485, 
Paracril 18-80, Paracril 26-90, Hycar OR-25, Hycar OR-15, GR-I 25, and 
Thiokol ST. The X rubbers, obtained from the Office of Rubber Reserve, 
consisted of a butadiene polymer and several butadiene-styrene copolymers 
and had the characteristics given in Table I. GR-S, a butadiene-styrene co- 


TABLE I 
CHARACTERISTICS OF X RUBBERS AND GR-S 


Butadiene- Polymer- 
styrene ization 
charge tempera- 

Rubber ratio ture (° F) 
X-453 100/0 41 
X-454 90/10 41 
X-485 71/29 41 
GR-S 71/29 122 


polymer, is included in Table I for comparison. Paracril 18-80, Paracril 
26-90, Hycar OR-25, and Hycar OR-15 are copolymers of butadiene with 
acrylic nitrile and have increasing acrylic nitrile content in the order listed. 

All the rubbers were compounded with semireinforcing furnace (SRF) 
black. The quantity of black added to each rubber was adjusted so that its 
vulcanizate had exactly the same static modulus in compression as the other 
vulcanizates. The procedure for establishing the content of semireinforcing 
furnace black was as follows: 


The SRF black content in the Hevea stock was adjusted so that the vul- 
canizate had a hardness of exactiy 50 Shore A when tested on a specimen 0.5 
inch thick and 2 inches in diameter which had been conditioned for at least 3 
days at 82° + 5° F. Specimens of this stock, 0.5 inch thick and 0.75 inch in 
diameter, similarly conditioned, were inserted between platens having cavities 
# inch deep and 0.75 inch in diameter, and each specimen was compressed by a 
different dead-weight load. The deflections of the specimens were noted after 
1 hour at 82° + 5° F. A plot of load versus deflection was made and the load 
to produce exactly 20 per cent (0.1 inch) deflection was read from the curve 
and found to be 62.6 pounds. 

The other rubbers were then compounded with various amounts of SRF 
black, and specimens 0.5 inch thick and 0.75 inch in diameter were prepared from 
each stock. These specimens were conditioned at 82° + 5° F forat least 3 days 
and then subjected to a 62.6-pound load in the dead weight apparatus. The 
deflections of the specimens after 1 hour at this temperature were noted and a 
plot was made of deflection versus SRF black content in the stock. The SRF 
black content which corresponded to 20 per cent deflection was read from the 
curve, and was used to prepare the specimens for the vibration transmission 
measurements. A check was made of the deflection of one of these specimens 
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under 62.6 pounds load. If the deflection was not 20.0 + 0.5 per cent, further 
variations in black loading were made until a deflection within this tolerance 
was obtained. 

The load-deflection characteristics of the vulcanizates, which were selected 
from the foregoing experiments, were determined with the specimens and dead- 
weight apparatus previously described. Deflection readings were taken after 
various loads had been applied for 1 hour. It was found that the load-deflec- 
tion curves of the specimens were not straight lines up to 20 per cent deflection, 
but were slightly concave toward the load axis, as illustrated by the curve for 
the Hycar OR-15 specimen in Figure 4. However, the secants to the curves 
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Fic. 4.-Load-deflection curve for Hycar OR-15 test specimen. 


between 0 and 20 per cent deflection had the same slope, as all the specimens 
attained the same deflection (within tolerance) when subjected to a 62.6- 
pound load. The static Young’s modulus calculated from the slope of the 
secant was 709 pounds per square inch. 

The Shore hardnesses of the vuleanizates used for the transmissibility tests 
were measured on specimens 0.5 inch thick and 2 inches in diameter with an A 
Durometer. The readings were taken 10 seconds after applying the Duro- 
meter to the specimens. 


RECIPES AND MISCELLANEOUS PROPERTIES 


The recipes for the stocks which were selected for the vibration transmission 
measurements are given in Table II. Included in the table are the cures, 
specific gravities, tensile properties, and hardnesses of the vuleanizates. The 
loadings of semireinforcing furnace black in volumes per 100 volumes of rubber 
ranged from 12.1 (Neoprene Type GN-A) to 36.6 (X-454). 

The vuleanizates prepared from Hevea and all the Neoprenes except 
Neoprene Type FR had good tensile properties. The vulcanizates prepared 
from Neoprene Type FR, GR-I 25, and the butadiene polymer and copolymers 
except Paracril 18-80 had tensile properties which were lower than the afore- 
said but were adequate for some mounting applications. The tensile properties 
of the Thiokol-ST and Paracril 18-80 vulcanizates were so low that these vul- 
canizates were probably unsuitable for any mounting application. Manifestly 
some of these rubbers would have to be compounded differently if they were to 
be used in practical applications, particularly if they were required to withstand 
shock loads or be serviceable at low temperatures. 
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The Shore hardnesses of the vulcanizates ranged from 47 to 53, in spite of 
the fact that the stocks had been carefully compounded to have equal com- 
pression at equal load. The explanation for the divergence in hardness values 
rests on the differences between the duration of the Durometer test and the 
duration of the load-deflection test as well as on the inherent inaccuracies of 
the Durometer test. The deflections of the rubber specimens under the 
pressure of the Durometer indentor were not fully accomplished in 10 seconds 
because the temporary creep had not run its course in this interval, whereas the 
deflections of the rubber specimens under the 62.6-pound load were practically 
complete in 1 hour. 


RESULTS OF VIBRATION TESTS 


The vibrational forces transmitted by the test-specimens, in terms of volts 
at the detecting transducer, are plotted against frequency in Figure 5. As 
some of the curves tended to lie over others, it was necessary to separate them 
intwographs. The curve for Hevea appears in each graph for comparison. 
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Fia. 5. Sie forces transmitted by test specimens at various frequencies. 
n terms of volts at detecting transducers. 


To give an idea of the relative ratings of the vulcanizates, they are listed in 
Table III in order of increasing transmission at 1000 cycles per second. This 
table also gives the transmissions at 25 and 2000 cycles per second for compari- 
son. 

Hevea transmitted less force than any of the other vulcanizates over the 
entire frequency range; moreover, its transmission was essentially constant 
except for a small rise at low frequencies and a small drop at high frequencies. 
Neoprene Type FR, a copolymer of isoprene and chloroprene, transmitted a 
little more force than Hevea, an isoprene polymer. The transmission of 
Neoprene Type FR also remained practically constant over the frequency range 
except for a rise at low frequencies. The transmission of the other vulcani- 
zates increased with rising frequency over the entire range; the rate of increase 
was greate, at low frequencies in all cases. 

The greatest increases in transmission over the frequency range were ob- 
tained with Hycar OR-15 and GR-I 25. Surprisingly, these vulcanizates did 
not have outstandingly high transmission at 25 cycles per second, although 
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TaBLe III 


Force In Vouts TRANSMITTED BY RUBBER SPECIMENS AT 
25, 1000, anp 2000 CycLes PER SECOND 
Force transmitted (volts) 


Rubber 
vulcanizate 25 ¢.p.s. 1000 c.p.s. 
Hevea 0.00305 
Neoprene FR 0.0036 
Neoprene RT 0.0039 
Neoprene GN-A 0.0045 
Neoprene W 0.0052 
Paracril 18-80 0.0067 
X-485 0.0084 
Thiokol ST 0.0083 
Paracril 26-90 0.0075 
GR-S 0.0092 
Hycar OR-25 0.0071 
X-453 0.0103 
X-454 0.0106 
Hycar OR-15 0.00635 
GR-I 25 0.0069 


their transmissions of vibrational force at 2000 cycles per second were, respec- 
tively, 10.4 and 14.1 times that of Hevea. 

It is noteworthy that the Neoprenes had less transmissibility than the 
butadiene polymer and copolymers. Paracril 18-80, a butadiene-acrylic 
nitrile copolymer, had the least transmissibility of the latter vulcanizates. 
The transmissibilities of the four butadiene-acrylic nitrile copolymers were in 
the same order as their acrylic nitrile contents, i.e., Paracril 18-80 with the 
lowest acrylonitril content had the lowest transmissibility, followed in order by 
Paracril 26-90, Hycar OR-25, and Hyear OR-15. Thiokol-ST had more trans- 
missibility than any of these copolymers up to 200 cycles per second; beyond 
700 cycles per second this vulcanizate had less transmissibility than any of these 
copolymers except Paracril 18-80. 
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Fic. 6.—Vibrational forces transmitted by test-specimens at various frequencies. 
In terms of volts at detecting transducer. 


Figure 6 compares the synthetic rubbers to Hevea in regard to relative 
transmissibility in decibels over the frequency range. Here, again, it was 
necessary to use two graphs to prevent the curves from lying over one another. 
The points_on these curves were calculated from the following equation: 
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Relative decibels transmissibility = 20 logio Vs/Vu 
where 


Vs = voltage produced in detecting transducer at a given frequency by vibra- 
tions passing through the synthetic rubber specimen 

Via = voltage produced in detecting transducer at the same frequency by 
vibrations passing through the Hevea specimen. 


The foregoing information on transmission of vibrational force has con- 
siderable practical interest because it shows the relative efficiencies of the rub- 
bers for isolating machinery vibrations. Several points, however, should be 
kept in mind in this regard. First, the relative efficiencies hold only for the 
particular vuleanizates tested. If the rubbers were compounded differently, 
they would probably have different transmissibilities. Secondly, the relative 
efficiencies were determined with the specimens in compression. Whether or 
not the same relations exist between the vulcanizates when they are supported 
in shear is not known, although it is believed that the same relations would 
hold. At audio frequencies and normal temperature, the shear modulus for 
rubber is one third of its Young’s modulus!®. Third, the relative efficiencies 
do not hold near the frequency of resonance of the mass of the machine with 
the compliance (inverse of stiffness) of the mounting. Usually such resonant 
frequencies are below 20 cycles per second; thus they are below the range of 
frequencies studied here. 

Dynamic modulus.—The vibrational forces transmitted by the vulcanizates 
in terms of volts can be regarded as relative measures of the dynamic moduli of 


the vulcanizates. This follows from the considerations given below. 
AF/A 
Dynamic modulus, E = AH/H 


where 


AF = maximum value of sinusoidal force applied to compressed specimen to 
cause vibration 

A cross-sectional area of specimen 

AH = amplitude of vibration 

H height of compressed specimen 


All specimens had the same shape and were compressed to the same extent; 
therefore they had the same values for A and H. As a constant voltage was 
applied to the generating transducer in all experiments, the specimens were 
vibrated through the same amplitude, AH. Thus, AF remained as the only 
variable, and 

E = k(AF) 
where k = a constant. 

AF is the vibrational force applied to the specimen by the generating trans- 
ducer. This force is equal to the force transmitted to the detecting transducer, 
inasmuch as the height of the specimen was short compared to the wave length 
of sound inthe rubber. (If this had not been the case, resonances due to stand- 
ing waves in the specimen would have been found in the range 25 to 2000 cycles 
per second). The voltage, V, produced by the detecting transducer is directly 
proportional to the vibrational force exerted on it: 


AF = kV 
where k; = a constant. 
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It follows that 
E=k.V 


where k, = a constant. 

Thus, the rubbers can be compared for dynamic modulus by taking the ratio 
of the respective voltages produced in the detecting transducer. The data in 
Table III were recalculated and are presented in Table IV on a relative basis 

TaBLe IV 


RELATIVE Dynamic Moputus OF RUBBER SPECIMENS AT 
25, 1000, anp 2000 CycLEs PER SECOND 


Relative dynamic modulus 
— 


Rubber 
vulcanizate 25 c.p.s. 1000 c.p.s. 2000 c.p.s. 


Hevea d 1.15 
Neoprene FR : 1.54 
Neoprene RT : 1.87 
Neoprene GN-A ; 1.90 
Neoprene W ; 2.59 
Paracril 18-80 3.21 
X-485 2 3.87 
Thiokol ST 2 4.13 
Paracril 26-90 g 4.33 
GR-5S 3. 4.39 
Hycar OR-25 Ee 4.65 
X-453 4.79 
X-454 3. 5.05 
Hyear OR-15 7.11 
GR-I 25 9.57 


with the force transmitted by Hevea at 25 cycles per second being made unity. 
The dynamic modulus of Hevea changed very little over the frequency range, 
whereas the dynamic moduli of the synthetic rubbers were as much as 3.47 
times greater at 25 cycles per second and 14.6 times greater at 2000 cycles per 
second than the modulus of Hevea at 25 cycles per second. The magnitudes 
of these differences are surprising, in view of the fact that all of the rubbers had 
essentially the same static modulus. 

Internal viscosity.—It is customary to use the equation for sinusoidal motion 
of a perfect spring and dashpot in parallel to calculate the internal viscosity co- 
efficient and real Young’s modulus of rubber in vibration". When the spring 
and dashpot are compressed by a static force, F, to a height, H, and then sub- 
jected to a vibratory motion, the equation has the following form: 

d(Ah) 


= cross-sectional area of specimen 

coefficient of internal viscosity, referred to hereafter as internal 

viscosity 

displacement from static position at any instant 
t time 
BE, real Young’s modulus 
Af force causing displacement from static position at any instant 
d(Ah) 

dt 
AE,(Ah) = force requirement at any instant to compress the resilient com- 
ponent 


Ay = force required at any instant to compress the viscous component 


1.03 

1.51 
2.08 

3.47 

4.26 

4.46 

4.75 

5.11 

5.44 

10.8 

14.6 

dt 
where 
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The velocity term, um is 90° out of phase with the displacement term, 


Ah; therefore the velocity term is equal to 27v(Ah), where v is frequency in 
cycles per second. The force term for the viscous component is equal to the 
projection of the force vector, Af, on the velocity vector, as shown in Figure 7. 


2rvA(Ah)y = Afsin?d 
Also Af = AE(Ah) 


where EF = dynamic Young’s modulus. 
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Fia. 7.—Transmissibilities of synthetic rubber specimens relative to Hevea specimen. 
In decibels at various frequencies. 
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Fia. 8.—Transmissibilities of synthetic rubber eperionene relative to Hevea specimen. 
In decibels at various frequencies. 
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Therefore 
E sing 


It was previously shown that the voltage, V, produced by the detecting 
transducer is proportional to the dynamic modulus of the specimen; conse- 
quently 

k3V sin 


v 


As the constant, k3, was the same for all the vulcanizates, relative values for 
the internal viscosities of the vuleanizates can be calculated from the known 


oa for each vulcanizate is plotted 
y 


quantities: V, sing, and The value 
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Fic. 9.—Vector representation of vibration phenomena. 


against frequency in Figure 8 using log scales. The curves are separated in 
three graphs to avoid having the curves for one class of rubber lying over the 
curves for another class of rubber. 

The absolute values in Figure 8 have no significance, but the relative values 
and shapes of the curves present a valid comparison of the internal viscosities 
of the respective vulcanizates and the effect of frequency on these viscosities. 
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kia. 10.—Relative internal viscosities of rubber specimens at various frequencies. 
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The most noteworthy features of these plotted data are the differences be- 
tween the relative internal viscosities of the various vulcanizates and the down- 
ward trend of the relative internal viscosities with increasing frequency. At 
any frequency in the range studied, the vulcanizates ranked in about the same 
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Fig. 11.—Relative internal viscosities of rubber specimens at various frequencies. 
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Fic. 12.—Relative internal viscosities of rubber specimens at various frequencies. 


order as for relative dynamic modulus in Table IV. This was not unexpected, 
as all the vuleanizates had essentially the same static modulus, and therefore 
differences in dynamic modulus must have been due to differences in internal 
viscosity. Hevea and Neoprene Type FR had the lowest, and GR-I 25 and 
Hyear OR-15 had the highest internal viscosities. 

The downward trend of internal viscosity with increasing frequency has been 
observed by many investigators. This behavior, of course, is a major point of 
difference between the coefficients of internal viscosity of rubbers and the co- 
efficients of viscosity of ordinary liquids. The latter coefficients are not af- 
fected sensibly by frequency (velocity). 
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SUMMARY 


The purpose of this investigation was to determine how simple compression 
mountings for machinery compare with regard to transmission of mechanical 
vibrations when the mountings are made from different rubbers. The only 
difference between the mountings was the rubber contained; all mountings had 
the same physical dimensions, the same static modulus, and essentially the 
same hardness. 

Natural rubber was found to transmit less vibrational force than any of the 
other rubbers in the range of frequencies from 25 to 2000 cycles per second; 
moreover, its transmissibility was practically constant over this range of fre- 
quencies. Neoprene Type FR transmitted a little more force than natural 
rubber. Its transmissibility also remained practically constant over the fre- 
quency range except for a rise at low frequencies. The transmissibilities of all 
other synthetic rubbers tested were higher and increased with rising frequency 
over the entire range. 

The information obtained is of considerable value in the design of rubber 
mountings for isolation of machinery vibrations in the range of audible fre- 
quencies. 
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APPLICATION OF THE MEASUREMENT OF THE 
DIELECTRIC CONSTANT AND LOSS ANGLE TO 
THE STUDY OF THE STRUCTURE OF 
VULCANIZATES LOADED WITH 
CARBON BLACKS* 


P. Turr10on AND R. CHASSET 


Frencu Russer Institute, Paris, France 


INTRODUCTION 


Some authors have already proposed to apply the examination of dielectric 
constant and loss angle to the study of vulcanizates loaded with carbon blacks, 
but attempts made along these lines do not appear to have produced conclusive 
results. 

Examination of the literature shows that all the possibilities of the method 
are far from having been worked out and that, in particular, nothing appears to 
be known about the dielectric properties of rubber mixes at very low tempera- 
tures. 

Accordingly it was hoped to correct the almost entire absence of means of 
direct examination of the internal structure of carbon black mixes by a more 
profound study of their dielectric properties at radio frequencies. The tech- 
nique adopted was that previously used by Schallamach and Thirion for study- 
ing dielectric relaxation in swelled rubbers. 

In the present communication it is proposed to report on the present state 
of research still in progress. A brief review will first be given of the significance 
of dielectric tests in relation to the structure of high polymers, together with a 
conspectus of the data already supplied by the literature on the dielectric prop- 
erties of loaded mixes. 

An account will then be given of the initial results obtained from a prelimi- 
nary investigation intended as the forerunner of a more systematic study, cover- 
ing in particular a field of frequency much more extensive than that which it 
has been hitherto possible to explore with the means available. 

A quantitative theory of the phenomena observed is still premature. Dis- 
cussion of the results, however, allows us to place certain hopes on the fruitful- 
ness of the method as a means for the direct investigation of the structure of 
mixtures of rubber and carbon black. 


SIGNIFICANCE OF DIELECTRIC TESTS OF HIGH POLYMERS 


The idea of using dielectric absorption and dispersion to study the structure 
of rubber is not new. In 1936 Cassie, Jones, and Naunton! in the course of 
research into the mechanical fatigue in rubber used this technique to study the 
vulcanization of loaded mixes of the conveyor-belt type. 

* Reprinted from the Transactions of the Institution of the Rubber Industry, Vol. 27, No. 6, pages 364-381, 
December 1951. 
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Subsequent research has repeatedly shown that the behavior of many elastic 
high polymers placed in an alternating electric field (rubber, polyvinyls, Neo- 
prenes, Bunas, ete.) is very similar to that of polar liquids. 

Debye’s theory is generally adduced to explain the phenomena of dielectric 
dispersion and absorption to which these substances give rise. 

This theory is based on the notion of dielectric viscosity, characterizing the 
resistance offered by the ambient medium to the rotation of the dipoles under 
the action of the electric field. 

The frequency at which the maximum loss occurs enables the value of this 
viscosity at a given temperature to be determined. Justifiable reservations 
have been made concerning the extension of the essentially macroscopic idea of 
viscosity to particles of molecular size. Nevertheless Debye’s theory is com- 
monly accepted at the present time for high polymers because it affords a 
simple way of accounting for the shift of the maximum loss frequency towards 
the highest frequencies when the temperature is raised or when the high polymer 
is diluted by swelling in a liguid. In both cases it is readily understood that 
the dielectric viscosity of the medium undergoes a certain diminution. 

The dipoles responsible for dielectric losses in rubber are formed during 
vulcanization when sulfur becomes attached to the molecular chains of the 
polymer. According to Schallamach, only the intramolecular atoms of sulfur? 
contribute to the dielectric absorption of rubber. 

The other ingredients of mixes, present in small quantities, influence the 
dielectric properties of the vuleanizates only to the extent that they modify the 
combination of the sulfur with the rubber’. 

On the contrary, fillers exert an important direct action on the dielectric 
properties of the mixes when the latter contain them in relatively large pro- 
portions as is the rule in practice. 

We think it necessary to distinguish, in this respect, the case of mineral 
fillers such as whiting, which can be regarded like pure rubber as dielectric, 
from strongly conductive fillers such as carbon blacks. 

In both cases, the dielectric constant is increased by the presence of filler, 
but the cause of this increase in capacity depends on the magnitude of the 
electrical resistivity of the filler. 

In mineral fillers, which may be regarded as good insulators, such as chalk, 
kaolin, and so on, the dielectric constant of the particles is generally much 
higher than that of the surrounding rubber matrix. Thus the dielectric con- 
stant of the mix is midway between that of the rubber and that of the filler. 

Lord Rayleigh’s theoretical formula enables us to calculate in this case the 
dielectric constant of a mixture from the dielectric constants of the components 
and the concentration of the powder‘. Guth® has recently extended this cal- 
culation to the case of ellipsoidal particles exhibiting a form factor, and Scott® 
has envisaged the case of orientation of the particles. 

With conductive fillers, such as carbon blacks, it appears difficult to apply 
the foregoing theory to the rubber mix. The idea of dielectric constant ap- 
plied to each particle has little physical significance now, nor is there any possi- 
bility of regarding the agglomerates or chains of particles as homogeneous di- 
electric elements. 

A much more plausible a priort hypothesis consists of treating each particle 
as a single conductor. Al] the pairs of particles in the immediate neighborhood 
would then form microscopic condensers, the juxtaposition of which in parallel 
and in series would serve as a schematic model representing the mix of actual 
rubber. 
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On the other hand, various authors have observed that the presence of car- 
bon black in rubber mixes generally introduces large additional dielectric 
losses, which incidentally are likely to vary, like the dielectric constant, accord- 
ing to the degree of dispersion of the black’. 

It has been shown that the total dielectric losses in a mixture can be higher 
than the total losses in the rubber matrix and those due to the direct current 
conductivity of the mix®. 

Some phenomenon other than the conductivity or the dielectric viscosity 
of the rubber therefore helps to increase the absorption. A proposal has been 
made to explain it by the Maxwell-Wagner effect resulting from interfacial 
polarization between the rubber and the particles of black®. Such a hypothe- 
sis, however, seems hardly tenable, since it also demands the attribution of a 
dielectric constant to each particle, or else the assimilation of each agglomerate 
of particles to a homogeneous dielectric. 

Finally, a variation in the dielectric viscosity of the polymer itself has been 
pointed out when mixtures of natural rubber or Butaprene contain carbon 
black, though this filler did not appear to influence the dielectric viscosity of 
mixtures based on Neoprene’®. 


EXPERIMENTS 
TEST APPARATUS AND METHOD 


The apparatus and testing method employed have already been described 
in detail in other publications’®. 

Briefly summarized, the technique consists of forming a double condenser 
without a guard condenser by inserting between two thin sheets of rubber con- 
stituting the sample tested an inside electrode of stainless steel. This electrode, 
like the samples of rubber, is fixed by means of a metal spring between the con- 
denser’s outside electrodes, which are earthed. When the unit is set up, it 
forms a tight compact cylindrical case which allows swollen samples to be kept 
in a volatile liquid without loosing much solvent in the course of the test. 

The case is fitted in a block of brass, which is placed in a Dewar vessel con- 
taining liquid air. A heating resistance serves to maintain the equilibrium of 
temperature in a range from —170° to +80° C. 

Electrical measurements were made by using a resonance method which 
enabled the capacity and the loss angle of the condenser to be determined with 
a satisfactory degree of accuracy. From the capacity of the condenser it is 
possible to deduce the dielectric constant of the rubber if the exact size of the 
dielectric is known. Such was possible in the present case only for tempera- 
tures not too remote from the ambient temperature. 

On the other hand, the loss angle is independent of the size of the dielectric. 
As its variations are, moreover, much more appreciable and more significant 
than those of the dielectric constant, subsequent statements will be based in 
particular on the experimental values obtained for the loss angle. 

The dielectric properties of one particular sample were recorded, the test 
frequency being kept constant as a function of the temperature. This process 
is open to the objection that it renders the analysis of results on the basis of 
Debye’s theory more difficult than when operations are conducted at constant 
temperature and variable frequency, especially if the sample is likely to undergo 
changes in structure or to crystallize. However, when there is no fear of such 
complications, it has been possible to establish a very satisfactory equivalence 
between the two methods by making the absolute temperature play the same 
part as the logarithm of frequency in Debye’s theory". 
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Furthermore, measurements at constant frequency afford technical ad- 
vantages which it would be difficult to forego within the framework of a practical 
method of analysis. They are, indeed, much less laborious, and as only a much 
smaller frequency range need be explored, they make it possible to dispense 
with the use of two different measuring devices for high and low frequencies. 

For the purposes of this preliminary investigation the frequency interval 
was limited to 120 kes.-2Mes, the majority of the tests being run on two fre- 
quency types—120 kes. and 750 kes.—in order to facilitate comparison of the 
results. 

The capacity of the test condenser consisting of two condensers in parallel, 
each generally having an electrode surface of 7.65 sq. em. and a dielectric thick- 
ness of 1 mm., was included between 25 and 70 pF approximately. 

In order to examine the influence of elongation, several rubber rings dis- 
posed in parallel adjacent to each other were stretched around the inside 
electrode. 

The samples were put into direct contact with the surface of the stainless 
steel electrodes, the use of tinfoil electrodes to reduce the resistance of rubber- 
metal contact being unnecessary in the frequency range examined?. 

Finally we observe that the time necessary to trace a complete curve (loss 
angle, capacity) from —170° to +80° C takes some hours, depending on the 
speed of establishing temperature equilibrium in the condenser. 


AND PROPERTIES OF SAMPLES 


NATURE 


Basic formula.—The following basic formula was adopted for making up the 
samples examined in the course of this research. These samples differed only 
in the nature and quantity of fillers they contained. 


Crepe rubber 100 gr. 

Stearic acid 0.5 | Vulcanization 
Zine oxide 2 30 min. at 
Tetramethylthiuram disulfide 0.3 [143°C 
Sulfur 3 
Aldol-a-naphthylamine 1 


It was found by chemical analysis of the pure rubber vulcanizate that, of 
the 3 grams of sulfur in the mix, only 0.1 gram was in the free state after vul- 
canization. 


Fillers.—As the importance of the dispersion of fillers to the dielectric prop- 
erties of vuleanized mixes has been demonstrated in the literature, care was 
taken to keep as closely as possible to the following masticating and compound- 
ing conditions: 


Troester type laboratory masticator. 
Temperature of cylinders: 50° to 60 °C. 
Nip between cylinders: 2 to 3 mm. 
Work on 200 grams of crepe: 
Mastication of crepe: 3 min. 
Compounding of ingredients: 4 min. 
(pure rubber mixes). 
Compounding of fillers and ingredients: 14 min. 
(loaded mixes). 
Fine grinding: 3. 
Mix stored for 24 hours at ambient temperature prior to vulcanization. 
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Four different fillers were used at the rate of 10 and 20 volumes per 100 
volumes of crepe: MPC, fine thermal black, and acetylene black, and also a 
colloidal chalk of fine enough particles (400 A approx.) to be considered as a 
reinforcing filler. 


TaBLe | 


PROPERTIES OF CARBON BLack TESTED 


Resistivity 


Average Qem. mix 
sive in Specif. Specif. containing 
of surface resistance 28 vols. of 
Category particles m2/g Q em. black 
Fine thermal 910 18.1 9.6 10145 
Medium 
channe 285 110 4.4 108 
Conductive 
furnace 430 56 0.47 10? to 104 


Table I recalls certain characteristics of these blacks found in the literature. 
As the reinforcing properties of these fillers are mainly a function of their fine- 
ness, they increase as we go from fine thermal to acetylene black and MPC. 
But with respect to electrical resistivity and properties connected with me- 
chanical hysteresis, the tendency of particles of blacks to link up and form 
chains inside the rubber has come to be taken as the criterion for classifying 
them, rather than their fineness. Numerous technical studies give a basis for 
thinking that this tendency to develop a structure is very high in the case of the 
acetylene black, the mixes of which are highly conductive, average for MPC, and j 
nearly nil for fine thermal black. A recent study with the electronic micro- 
scope, moreover, has furnished direct confirmation of the foregoing’?. 

Carbon black concentrations inadequate for the conductivity by direct 
current to make any appreciable contribution towards increasing the dielectric 
losses of mixes over the frequency range employed were used on purpose. 


(This contribution may be computed from the formula where G@ represents 


Cw 
the conductance measured in direct current of the imperfect dielectric of cap- 
acity C, and w represents the pulsation of the field.) 

In order to demonstrate possible correlations with dielectric properties, all 
the vulcanizates studied were subjected to tests current in rubber technology. 
The results are recorded in Table IT. 


TABLE II 
MECHANICAL PROPERTIES OF VULCANIZATES 


Tensile 


strength 300% 
at break modulus Shore Rebound 
Type of mix (kg./em.?)  (kg./em.*) hardness (%) 

Pure rubber 141 5.2 40 60 
Fine thermal black 10 122 11 45 55 
MPC 153 26 44 51 
Acetylene ol.-% 164 34 46 55 
Colloidal chalk ae 110 18 43 58 
Fine thermal black 179 19 50 50 
MPC 20 vol.-% 
Colloidal chalk 
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RESULTS 


The dielectric properties of loaded mixes of natural rubber were examined 
from the point of view of the infiuence of the five following factors on the trend 
of curves of losses and capacity as a function of temperature: 


concentration of carbon black 
frequency of the electric field 
nature of the fillers 
elongation of test-pieces 
swelling by a nonpolar liquid. 


The curves proved to be readily reproducible for all the mixes examined, 
the various thermal treatments undergone by the vulcanizate heating or cool- 
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Fig. 1.—Loss angle, as a function of temperature, for a vulcanizate containing 10 volumes of acetylene 
black (®), MPC (@), fine particle furnace black (@), or colloidal chalk (©). Frequency: 120 ke/s. 
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Fig. 2.—Loss angle, as a function of temperature, for a vulcanizate containing 20 volumes of, MPC 
or fine particle furnace black. Frequency: 120 ke/s. 


ing not giving rise to any particular hysteresis with respect to the electrical 
measurements, with the exception of the mixes based on MPC and acetylene 
blacks at temperatures over 30° C. 

Nature of the fillers —The value of the loss angle of the vulcanizates and the 
course of the loss curves as a function of the temperature, for concentrations of 
both 10 volumes (Figure 1) and 20 volumes (Figure 2), largely depend on the 
the nature of the fillers. 

In the case of colloidal chalk and fine thermal black, the loss curves practi- 
cally merge with that of the corresponding pure rubber vulcanizate, the loss 
angle being, however, slightly less in the temperature zone where the maximum 
absorption occurs. The dielectric constant of these mixes undergoes a slight 
increase in relation to the pure rubber mix, as is evidenced by Table III, which 
indicates the order of magnitude of this coefficient for the various mixes studied. 
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This increase in the dielectric constant is not comparable with that observed 
for mixes loaded with MPC black and particularly with acetylene black. Not 
only do these two types of black give rise to losses and capacity of a high order 
in rubber mixes but, in addition, the trend of the loss curves is clearly modified 
in relation to that of pure rubber vulcanizates. 


TaBLe III 
ORDER OF MAGNITUDE OF THE DIELECTRIC CONSTANT AT —20° C AND OF THE 
Loss ANGLE aT —60° C or VULCANIZATES CONTAINING FILLERS 
(FREQUENCY 120 KCs.) 
Content 


of filler Dielectric 
Type of filler (vol.-%) constant Loss angle 


Pure rubber 
Colloidal chalk 10 
Fine thermal black 

10 
MPC 
Acetylene black 10 


Instead of being cancelled out, the losses drop only slightly when the tem- 
perature falls a long way below that at which maximum absorption occurs. 

If we consider the whole temperature range from —170° to +80° C, we also 
find that the loss curves relative to a given frequency are approximately parallel 
for the different mixes and that the appreciably horizontal portion correspond- 
ing to the very low temperatures is succeeded when the temperature rises by a 
bell-shaped curve, the dimensions, form and position of which are almost ex- 
actly those of the pure rubber vulcanizate. 

It therefore follows that for an initial approximation at least the total di- 
electric absorption in a rubber mix based on MPC or acetylene black may be 
regarded as the sum of the normal absorption of the Debye type in the rubber 
matrix and of a supplementary absorption due to the presence of these carbon 
blacks in the mix. 

It is understood, of course, that this observation is valid only for concentra- 
tions of black such that the conductivity of the mixes is relatively low. Above 
20 volumes of MPC or 10 volumes of acetylene black, it would soon become 
necessary even at radioelectric frequencies also to take into account the losses 
directly caused by conductivity. 

The supplementary absorption may be easily derived from the loss curves 
by taking a temperature low enough (—60° C, for example) for the Debye type 
absorption to have practically disappeared (Table III). It is seen that, while 
it is practically nil for whiting and fine thermal black, it represents for 10 
volumes of MPC an appreciable fraction of the maximum absorption in the 
rubber matrix and that it is much higher than this maximum absorption for 10 
volumes of acetylene black. 

Concentration of black (M PC).—The influence of the concentration of filler 
was examined more particularly in the case of MPC black, for which the ratings 
for the losses and the capacity for 10 and 20 volumes of filler were determined. 

The loss curves obtained at 750 kes. (Figure 3) show that the loss angle in- 
creases very rapidly as a function of the concentration for this type of black. 
The same applies, moreover, to the capacity of test-pieces of the same dimen- 
sions and, in consequence, to their dielectric constants (Table III). 
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If the total absorption is separated into its two components, it is seen that 
the maximum absorption of the Debye type occurs, to within a degree at least, 
at the same temperature in the pure rubber vulcanizates and in the loaded 
mixes, though the peak is a little lower than that of the pure rubber vulcanizate. 
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Fig, 3.—Loss angle, as a function of temperature, for a vulcanizate containing 0, 10 or 20 
volumes of MPC. Frequency: 120 ke/s. 


On the other hand, the supplementary losses due to the black are trebled when 
we consider the mix with 20 volumes instead of the mix with 10 volumes of 
MPC. 

The carbon black concentration, however, is not the only factor operating, 
and appreciable variations in the loss angle may also arise if the thermal treat- 
ments previously undergone by the test-pieces are not strictly defined. Thus 
at temperatures above about 30° C, the supplementary losses increase slowly 
without it being possible to reduce them to their initial rating by cooling. A 
regular increase in the temperature above 30° C causes a rise in the loss curve, 
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contrary to expectations by the Debye theory and, by cooling, a loss curve is 
then described which is parallel to the heating curve (Figure 3). Lack of time 
prevented a study of the speed of this phenomenon of thermal hysteresis which 


does not occur if the supplementary losses are absent as in the case of the mix 
containing fine thermal black. 


— 150 — 100 — 50 


Temperature ° C 


Fic. 4.—Loss angle, as a function of temperature, for a vulcanizate containing 10 volumes of MPC. 
© 120 kes. O 2 mes. 


@ 750 kes. ® Pure gum 120 kes. 
X Pure gum 750 kes. 


Thickness: 0.107 cm. Surface: 7.65 cm 2. 


Frequency of the electric field —The interval of frequencies explored so far is 
relatively restricted: 120 kes. to 2 mes. in the case of a mix containing 10 
volumes of MPC (Figure 4). It would, therefore, be unwise to draw too general 
conclusions applicable in particular to the field of low frequencies. In that of 
radioelectric frequencies, however, it may be stated that the Debye absorption 
in the mix containing MPC varies almost exactly as a function of frequency, as 
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in the pure rubber mix, the position of the loss maxima on the temperature scale 
remaining, in particular, identical for the two types of mixes. Moreover, the 
influence of frequency on the value of the supplementary losses remains rela- 
tively weak, the loss angle at low temperatures slightly greater at 750 kes. than 
at 120 kes. and 2 mes. (Figure 5). 
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Fria. 5.—Loss angle, as a function of temperature, for a vulcanizate containing 20 volumes of MPC 
stretched 0 per cent ((p), 115 per cent (O), or 175 per cent (@), and for a pure gum vulcanizate 
stretched 0 per cent (A) or 174 per cent (©). Frequency: 120 kes. 


Elongation —The literature gives no precise information relative to the 
influence of elongation on the dielectric properties of pure rubber vulcanizates. 
It appears that, at any rate for elongations below 200 per cent, this influence is 
quite small, since the loss curves obtained by means of a nonelongated pure 
rubber vulcanizate, subsequently stretched to a mean elongation of 174 per 
cent, practically merge into each other, allowance being made for the experi- 
mental errors introduced by elongation (Figure 5). (The elongation of 174 
per cent represents the mean of the elongations of the least stretched fiber and 
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the most stretched fiber of each of the rings constituting the condenser. The 
extremes of elongation ranged from 138 to 224 per cent.) 

In the case of a vulcanizate containing 20 volumes of MPC, the transforma- 
tion of the loss curves under the effect of a mean elongation of 114 or 174 per 
cent is, on the contrary, very important, these two elongations both producing 
similar curves (Figure 5). The supplementary losses due to the black are, in 
fact, appreciably reduced by elongation to a quarter of their original value 
(Table IV). 

TaBLE IV 
Loss ANGLE at Low TEMPERATURE (60° C BELOW THE TEMPERATURE OF 
Maximum ABSORPTION) IN A VULCANIZATE CoNTAINING MPC 
(FREQUENCY 120 kCs.) 
10 vol. % 20 vol. % 


Dry vulcanizate F 0.08 


Vulcanizate elongated to 115% and then relaxed ame 


0.02 
Vulcanizate swelled in n-heptane 00: 0.01 

0.002 
Vulcanizate swelled to 30% and then dried k 0.03 


The intensity of the effects of mechanical hysteresis manifested in vulcani- 
zates reinforced with carbon blacks suggests that their dielectric properties 
would also be irreversibly modified by sufficiently high elongation. The loss 
curve of the same vulcanizate containing 20 volumes of MPC relaxed after an 
elongation of 115 per cent for 10 minutes was therefore determined. 

As might be expected, the supplementary losses of this sample are much 
higher than those of the same sample elongated, but are still about half as 
weak again as those of the vulcanizate not subjected to elongation (Table IV). 

Swelliry by a liquid—n-heptane.—It is known that the swelling of pure rub- 
ber vuleanizates by a nonpolar liquid of low viscosity, such as normal heptane, 
causes a rapid reduction in the dielectric viscosity. and that a substantial shift 
toward the low temperatures of maximum absorption can be obtained equally 
well either by swelling the vulcanizate or by reducing the test frequency. 

In the case of vuleanizates containing carbon black, swelling by heptane acts 
exactly in this manner on the fraction of losses which can be regarded as being 
caused by the rubber matrix (Figure 6). 

But whereas the supplementary losses resulting from the presence of the 
black were but little affected by a variation in the frequency, a relatively low 
swelling is sufficient on the other hand to eliminate them almost completely. 
For a swelling of 4 volume-per cent, these losses are reduced to nearly a third of 
their initial value in the unswelled vulcanizate (Table IV). For a swelling of 
74 per cent, they practically disappear, and the loss curves become completely 
analogous to those of a pure rubber vulcanizate (Figure 6). 

If the solvent is then evaporated, the dielectric losses of the dry rubber thus 
obtained are almost half the intial supplementary losses in the same vulcanizate 
containing black and not subjected to swelling (Table IV). These must, no 
doubt, be regarded as proof that, in the same way as for elongation, the trans- 
formations caused by swelling are not entirely reversible. 


COLLOIDAL STRUCTURE 


The interest in dielectric loss curves as a function of temperature for the 
study of vulcanizates contaiaing carbon blacks resides in the possibility of 


. 
ne 
ae 
} 
I 
| 
: 
wars 
| 


STRUCTURE OF RUBBER-CARBON BLACK VULCANIZATES = 545 


clearly distinguishing by this means the rubber matrix found between the 
particles of the colloidal dispersion of black in the vulcanizate. The rubber 
matrix is responsible for the characteristic peak of the Debye type absorption, 
and it is to the colloidal dispersion that the supplementary losses must be 
attributed. 
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Fic. 6.—Loss angle, as a function of temperature, for a vulcanizate containing 20 volumes of MPC, 
dry (X) and swollen by 4 per cent (@), 28 per cent (©) and 74 per cent (@) of n-heptane. 


{ X 700 kes. 


Frequency O 750 kes. 
120 kes. 


DEBYE TYPE ABSORPTION 


The dielectric viscosity of a rubber matrix can be deduced from the test 
frequency at the temperature characterizing the maximum absorption. This 
viscosity depends directly on the intensity of the forces exerted between the 
rubber macromolecules and opposed to their diffusion. 

The height of the peak above the horizontal part of the loss curve, moreover, 
enables the importance of the amount of polar substance contained in the rubber 
phase to be appreciated*. It will be found that neither the temperature of maxi- 
mum absorption nor the height of the peak are modified in any significant man- 
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ner by the incorporation into the rubber of large quantities of the fillers ex- 
amined, even in the case of a reinforcing black such as MPC. It would, 
therefore, appear reasonable to suggest, on the strength of this result, that the 
presence of particles in a mix has no great effect on the physical and chemical 
condition of the hydrocarbon constituting the matrix. In particular, the sur- 
face field of force of the particles must be powerless to increase the cohesion of a 
substantial fraction of the rubber phase, since the dielectric viscosity is not in- 
creased. In the same way, it is probable that the degree of vulcanization of 
the matrix is identical with that of the corresponding pure rubber mix, since 
the polarity is of the same order in either case. 


SUPPLEMENTARY LOSSES 


Various authors have suggested attributing certain properties of loaded 
vulcanizates to particular colloidal structures in the mixes. It is with respect 
to these same structures that dielectric tests at radioelectric frequencies could, 
in our opinion, provide valuable information. 

Although the number of blacks studied here is still insufficient to reach a 
definite conclusion in this respect, it is difficult to see a mere coincidence in the 
fact that the supplementary losses at low temperature are ranged in increasing 
order for fine thermal black, MPC and acetylene black. The part thus played 
by each of these blacks is, in effect, in proportion to the degree of structure that 
the aggregate of the mechanical properties of the mixes, and various micro- 
scopic studies had previously caused to be attributed to them. 

By structure, most authors mean the tendency of particles of black, whether 
in powdered form or in the rubber itself, to associate to form networks of chains 
and agglomerates of a more or less continuous nature. It is agreed that the 
bonds of contact between particles or agglomerates are weak and can easily be 
broken by stretching the rubber’. 

Thus, the rapid decrease in supplementary dielectric losses in certain 
elongated or swelled mixes suggests that they are closely associated with the 
existence of this type of bond. The local electrical resistances set up by the 
points of contact to the passage of actual currents between the group of parti- 
cles thus juxtaposed would, moreover, furnish a particularly simple explanation 
of the supplementary losses. 

The latter, therefore, if this point of view is confirmed, should give an indica- 
tion of the number of particles or agglomerates found per unit of volume in 
unstable contact. 

Such a hypothesis would also explain the progressive increase in losses at 
temperatures over 30° C; at these temperatures the internal viscosity of the 
rubber would then be sufficiently reduced to enable the flocculation of the 
particles of carbon to proceed by increasing the number of particles coming in 
contact", 

Under 30° C the flocculation speed of the particles would be too low for the 
units separated by elongation or swelling to reunite spontaneously after the con- 
traction of the vulcanizate or evaporation of the solvent. 

Apart from the brief indications furnished by Table II, there has been no 
opportunity to verify the existence of a correlation which would then appear 
probable between the supplementary losses and other properties linked to these 
structural effects in the vuleanizates containing carbon blacks, for example, 
hysteresis, resilience, or conductivity in direct current. On the other hand, it 
seems doubtful whether the supplementary losses are directly related to the 
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reinforcement proper of the rubber, as the reinforcement obviously cannot 
depend directly on such a frail type of structure. 

Against that, the shape and the arrangement of the solid resistant units 
formed by agglomerates of microscopic stick-shaped particles no doubt play an 
important part in reinforcing mixes containing carbon black. 


tg 


—150 - 0 
Temperature °C. 


Fic. 7.—Loss angle, as a function of temperature, of a vulcanizate containing 10 volumes of MPC 
black, Ps 4 (X) and swollen by 5 per cent (@), 16.5 per cent (©), 32 per cent (B®) and 86 per cent 


(®@) of n-heptane. 


DIELECTRIC CONSTANT 


In this case, the evaluation of the dielectric constants of vuleanizates based 
on carbon blacks could also be very useful. If we suppose, as is probable, that 
each isolated particle or each agglomerate of particles of black can be assimil- 
ated to a condenser armature, it is possible to calculate approximately the di- 
electric constant equivalent to the model formed by the association, in parallel 
or in series, of all the microscopic condensers present in a mix. We thus reach 


0-04 | 
| 0-03 | 

0-02 | 

0-01 


548 RUBBER CHEMISTRY AND TECHNOLOGY 


a function where only the concentration of fillers, the dissymmetry and the 
orientation of the particles participate. 

As no direct verification of the theory has yet been made it is not possible 
to go further at this stage into the feasibility of using the dielectric constant as 
a semiquantitative index of the structure of mixes based on carbon black. 


CONCLUSION 


In the case of vulcanizates containing carbon black the variation curves of 
dielectric loss angle as a function of temperature enable the Debye type absorp- 
tion occurring in the rubber matrix to be distinguished from a supplementary 
absorption little influenced by variations in temperature and frequency which 
is characteristic of blacks possessing a structure. 

The experimental results obtained indicate no difference in physical or 
chemical state between the matrix occupying the space between the particles of 
black in a loaded mix and the vulcanizate of the corresponding pure rubber mix. 

The supplementary losses on the other hand seem to be closely related to 
the effects of structure in loaded mixes imagined by Mullins to explain the 
mechanical behavior of these mixes: they decrease very rapidly by elongation 
or swelling and give rise to various phenomena of hysteresis. 

It would seem that dielectric absorption could advantageously be applied 
as a nondestructive test revealing the colloidal structure of rubber mixes based 
on carbon black. 

Moreover the dielectric constant would enable information to be obtained 
on the form factor and the orientation of the particles or agglomerates of part- 
icles of black in mixes on the basis of a theory assimilating these particles (or 
agglomerates) to condenser armatures. 

We thank J. Chevet for performing certain experiments and J. Wettly for 
preparing the test material. 
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CHEMICAL CONSTITUTION AND = 
DEACTIVATING EFFECT * a 


JACQUES LE FOoLu 


Frencu Rupser Institute, Paris, 


INTRODUCTION 


As is so familiar to all, the aging of natural rubber is manifest in a progressive 
deterioration of the mechanical properties of articles manufactured from rubber. 
Unquestionably a very complex phenomenon is involved, and numero 1s factors 
are concerned, but the fact remains that the chief among these is atmospheric 
oxygen, which induces an autoxidation reaction of the rubber hydrocarbon. 

Very fortunately this reaction of oxygen with the rubber hydrocarbon can 
be combatted by the addition of certain specific agents, in particular, the so- 
called antioxygenic agents studied about thirty years ago by Moureu and 
Dufraisse, and, in the second place, by deactivating agents, to which attention 
was first called by Le Bras! as recently as 1943. It is with this second class of 
protective agents that the present work is concerned. 

Although these deactivating agents exert a highly effective protective action 
against aging, they reduce the oxidizability of the rubber very little when com- 
pared with classic antioxygenic agents. In other words, they reduce the harm- 
ful effect of the oxygen which is absorbed, and seem to deactivate the peroxides 
to the extent that these are formed. Hence, the term deactivating agents which 
has been assigned to them. 

Investigations by Le Bras and Viger? have shown that by the joint use of an 
antioxygenic agent and a deactivating agent, aging can be considerably re- 
tarded. In this case the antioxygenic agent diminishes the rate of absorption 
of oxygen, while the deactivating agent diminishes the deterioriating effect of 
the oxygen which is absorbed. 

These investigations were then continued with the collaboration of Hilden- 
brand’, who prepared some new deactivating agents and, with their aid, showed 
that the deactivating effect is seemingly related to the presence of the thiol 
(=CSH) group. 

The study described in the present paper, the important conclusions of 
which were briefly reported in a previous publication‘, was undertaken with the 
purpose of confirming and completing this earlier work by a systematic exam- 
ination of the part played by the chemical constitution on the deactivating 
effect. 

To this end, different chemical compounds which are derived directly or 
indirectly from the first known deactivating agent, mercaptobenzimidazole, 


N 


CSH 


NH 
* Translated for RusBeR CHEMISTRY AND TECHNOLOGY from the Revue Générale du Caoutchouc, Vol 29, 
No. 2, pages 114-117, February 1952. 
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were prepared. These derivatives were compared experimentally by adding 
them separately in small proportion (1 per cent in most cases) to a base rubber 
mixture, and then determining, after vulcanizing to the optimum point, the 
oxidizability curves and the aging of the vulcanizates. 

With the aim of defining the deactivating effect and of making possible a 
classification of the different compounds, we chose to adopt and utilize a co- 
efficient D, which we shall designate as the coefficient of deactivation. 


DEFINITION OF THE COEFFICIENT OF DEACTIVATION 


Let us consider first of all accelerated aging tests. These involve the meas- 
urement of the change of tensile strength as a function of the time in an oven. 
The time at the end of which a vulcanizate has lost z per cent, e.g., 50 per cent, 
of its original tensile strength is readily determined. 

If T is this period of time for a control (unprotected) vulcanizate and ¢ is the 
time for the vulcanizate being studied, then the aging indez, A, of the latter can 
be expressed by the relation: 


The higher the value of t and, consequently, the smaller the value of V, the 
better is the aging of the protected mixture. 
In the same way, but considering now oxidizability tests, the oxidizability 
index, O, can be expressed by the relation: 
0= 7 
In the case of vulcanizates protected by antioxygenic agents, the time re- 
quired to absorb a certain amount of oxygen is much greater than that for the 
control (unprotected) vulcanizate and, therefore, the O index is much smaller 
than unity. When, instead, a deactivating agent is present, the index is close 
to unity; finally the index is greater than unity when the vulcanizate contains a 
proéyxgenic agent. 
The coefficient of deactivation D is, then, defined as the quotient of the two 
indexes, O and V: 
V 


D=5 


Taking into account the preceding discussion and definitions, certain con- 
clusions are easily reached that the antioxygenic, prooxygenic, and deactivating 
effects are characterized in the following way: 


Antioxygenic effect. D is close to 1. 

O and V are less than 1. 
Prodxygenic effect. D is close to 1. 

O and V are greater than 1. 
Deactivating effect. D is greater than 1. 

O is close to 1. 

V is less than 1. 


There is, moreover, a fourth possibility. In certain cases, it has been found 
that, although the oxidizability is hardly increased, physical deterioration is 
accelerated considerably. This is, in effect, the reverse of a deactivation effect, 
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and is the reason for our having decided to call it the activation effect. In this 
case the coefficients, V, O, and D have the following range of values: 


D is less than 1. 
V is greater than 1. 
O is close to 1. 


INFLUENCE OF THE CHEMICAL STRUCTURE 
ON THE DEACTIVATING EFFECT 


At the time that this study was begun, the simplest structure which showed 
any deactivating effect was that of mercaptoimidazole: 
N 


NH, 
Now this compound can be regarded as a cyclized derivative of thiourea: 


NH; 
HSC 


Therefore the first group of compounds tested was thiourea and its nitrogen- 
substituted derivatives. Then we make an effort to determine the influence 
of the =NH and —NH; groups by studying the effects of some thio acids: 


HSC” 


and thioamides: 


Finally we examined the effects of various aromatic thiols, including simple 
thiols, t.e., ASH compounds, derivatives of thiourimidine: 


and thiopyridine: 


This study led to the following conclusions. 


or HSC” 4 
R R 
4 
CH=CH 
q 


RUBBER CHEMISTRY AND TECHNOLOGY 
INFLUENCE OF CYCLIZATION 
An examination of Tables 1, 2, and 3 will show the influence of cyclization 
on the deactivating effect. 
TABLE 1 
THIOUREA AND SOME OF ITS DERIVATIVES 


Compound Structure Vv 0 D Behavior 


Thiourea 0.71 Deactivating 
effect 
NHCoHs 
ing effect 
NH, 
NHC.H; 
N,N’-Diphenylthio- j= No protection 
urea 
NHC,H; 
NHC.H; 


Diphenyl-bis-thiourea Deactivating 
effect 


Diphenyl-p-pheny- j Deactivating 
enedithiourea effect 


NHGH, 


‘NH 
Diphenyl-m-phenylene- + 0.84 1.00 1.19 Slight deactivat- 
thiourea ing effect 
NHC.H; 


: 
= 
NH: 
{ 
| 
i 
| 
7 
NH 
: 3 
\ 
| 
| 
\ 
NH 
Nu 
S—( 
S—C 
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TaBLE 1—Continued 
NHNHC,H; 
Diphenylthiocarbazone 157 1.11 0.70 Activating 
effect 
N=NC,.H; 


TABLE 2 


Compound Structure V Behavior 
O 


y, 
Thiobenzoic acid C.H;C 0.80 deactivating 
effect 


Dithiobenzoic acid No protective effect 


Ethylxanthic acid i Activating effect 


TABLE 3 
Compound Structure V Behavior 


Thiobenzamide C.H;C . Deactivating effect 


NH, 


S=C—NH;, 

Dithiooxamide “ “ Deactivating effect 
S=C—NH, 
NH: 


Dithiocarbamic acid S=C 6 ; 1.73 Deactivating effect 
‘SH 

Thiourea and its nitrogen-substituted derivatives have a slight deactivating 
power. Thiourea itself shows this power most clearly. By substituting on 
the nitrogen atoms, this deactivating power is reduced or even destroyed; e.g., 
N,N’-diphenylthiourea confers no protection to a rubber mixture. This fact 
may be explained on the basis that substitutions on the nitrogen atoms increase 
greatly the possibility of tautomerism. The presence of phenyl nuclei would 
stabilize the structure in the thione rather than in the thiol form, whereas these 
forms are in equilibrium in the case of thiourea: 


NH; 
S=C HS 


NH, NH, 


Thione form Thiol form 
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SH 
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SH 
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Among the thio acids tested, monothiobenzoic acid is the only compound 
which has a deactivating effect, and this is rather weak for several reasons. 
First, monothiobenzoic acid has in reality a rather complex structure, in which 
the thiol form is certainly not the predominant one. Furthermore, dithio- 
benzoic acid is very unstable, it commences to decompose toward 100° C, and 
it could hardly be expected to be present after vulcanization. 

As for ethylxanthic acid, its deleterious effect on aging is very probably at- 
tributable to its powerful accelerating effect. We have, in fact, found in re- 
peated tests that compounds which strongly accelerate the vulcanization of the 
base mixture have a deleterious influence on aging. Without doubt, the char- 
acteristic structure of the vulcanizates obtained in this case is the governing 
factor in rendering such vulcanizates more vulnerable to the action of oxygen. 
The difference of structure is evident further in the fact that the strain moduli 
are in all cases very high. 

Thioamides have a well defined protective action in virtue of their deactivat- 
ing effect, but they are too powerful accelerators to be used as protective agents. 


TABLE 4 


Compound Structure 


CH, 
=N 


2-Mercapto-4,6-dimethyl- CSH 0.41 0.68 1.66 Deactivating 
pyrimidine effect 


OH 

bax 
3-Mercapto-4,6-dihydroxy- HC CSH 0.52 0.75 1.44 Deactivating 
pyrimidine effect 


C—N 


bu 


SH 
ban 


2,4,6-Trimercapto- 1.41 Deactivating 
pyrimidine : effect 


C—N 


The most interesting compound of this group is dithiooxamide. It has little 
accelerating action when present in the proportion of 2.0 per cent; it increases 
slightly the value of the vulcanization optimum; its protective action is almost 
as great as that of phenyl-8-naphthylamine when present in the proportion of 1 
per cent; and it increases considerably the efficiency of phenyl-8-naphthylamine. 

Dithiocarbamic acid, which can be regarded as both a thio acid and a thio- 
amide, has a definite deactivating action and has but little influence on the 
acceleration of a rubber mixture. 
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In brief, among compounds which are not cyclic, none could be found which 
had a protective action comparable to that of mercaptobenzimidazole. A cyclic 
structure is not indispensable, but it seems to have a very favorable influence in 
developing the deactivating effect. 


INFLUENCE OF THE NATURE OF THE RING 


In view of these facts, it was interesting to ascertain whether this action is 
characteristic of the pentatomic nucleus of mercaptobenzimidazole. To this 
end some derivatives of 2-mercaptopyrimidine, i.e., compounds with a hexa- 
tomic nucleus, were prepared and tested. As is evident from the results 
summarized in Table 4, all the compounds tested in this series showed good de- 
activating effects. The most interesting compound was dimethylthiopyrimi- 
dine, which had little influence on the rate of vulcanization, had a greater pro- 
tective action than phenyl-8-naphthylamine, and increased the effectiveness of 
the latter. 

One can make the statement, then, that the hexatomic nucleus has as 
favorable an influence as the pentatomic nucleus on the deactivating effect. 


INFLUENCE OF HETERO ATOMS 


Hildebrand had already found that the presence of the two =NH groups in 
mercaptobenzimidazole is not indispensable by showing that the replacement 
of one of these groups by an oxygen atom (giving mercaptobenzoxazole) does 
not change the effectiveness. 

The results in Table 5 show that thiols behave as weak deactivating agents. 
However, these compounds could ordinarily be used only in very low percent- 
ages because of their marked accelerating property. 


TABLE 5 
Compound Structure a) Behavior 


Vv 
Zinc thiophenate [ s—] Zn 0.95 1. 


Deactivating 
Zinc 8-thionaphtholate Zn 0.86 effect 


Very slight pro- 
Pinenethiol C,;Hi,SH t 


2-Mercaptopyridine Ou: . Activating effect 
N 


It is evident also that a single nitrogen atom adjacent to the functional 
carbon atom is not sufficient. In the case of 2-mercaptopyridine, a very pro- 
nounced accelerating action complicates the phenomenon. 

Consequently in the cyclic series, it is necessary that the functional carbon 
atom, t.e., that carrying the SH group, be surrounded by two hetero atoms, 
i.e., two nitrogen atoms or, just as good, by a nitrogen atom and an oxygen 
atom. 
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CONCLUSIONS 

The experiments which have been described show that the thiol group is 
sufficient to develop the deactivating effect. However, its action can be more 
or less modified by neighboring chemical groups. For the deactivating effect 
to be pronounced, it is necessary for a thiol group to be associated with certain 
other chemical groups. The choice of these latter groups is a delicate one, for 
the final compound must fulfill two conditions which from a practical stand- 
point are difficult to meet conjointly, viz., (1) the thiol group must not be 
nullified by any tautometric effect, a phenomenon which is common to many 
compounds, and (2) the compound must not have too marked an accelerating 
action, such as that of certain well known very active accelerators containing 
the thiol group. 

The present work would indicate, then, that the most effective structure 
from the viewpoint of the deactivating effect is a cyclic structure, either penta- 
tomic or hexatomic, in which the carbon atom carrying the thiol group is sur- 
rounded by two nitrogen atoms or, alternately, by a nitrogen atom and an 
oxygenatom. This type of structure is notably true of mercaptobenzimidazole, 
mercaptopyrimidine, and mercaptobenzoxazole. 
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OXIDATION OF UNVULCANIZED COLD RUBBER 
INFLUENCE OF ADSORPTION BY CARBON BLACK * 


C. W. Sweitzer AND Francis LYon 


CotumB1aAN Carson Co., New York, N. Y. 


Carbon black gel', the benzene-insoluble carbon-rubber complex developed 
in unvuleanized mill-mixed tread compounds, to which has been ascribed a 
fundamental role in the reinforcement of rubber, usually contains 30 per cent or 
more of insolubilized rubber associated with the carbon, the exact percentage 
depending on the polymer, the carbon, and the mixing conditions employed. 
The development of this carbon gel complex, of which a typical example is 
shown in the electron photomicrograph’ in Figure 1, results from a combination 


Fig. 1,—Carbon gel. HAF in cold rubber mixed at 416° F. Magnification, 15,000. 


of factors during the mixing stage, including the adsorptive activity of the 
carbon, the oxidative reactions on the polymer, and the mechanical shearing of 
the polymer. To date, no satisfactory approach had been found for following 
the progressive growth of this carbon gel complex as a means for assessing the 
role played by these various factors, and for determining the mechanism whereby 
this high percentage of insolubilized rubber is developed. 

Attempts to approach this level of insolubilized rubber by dilute adsorption 
tests have failed, with values in the range 1 to 3 per cent by weight on carbon 
invariably resulting’. This level is much lower than that found in the carbon 
gel complex of mill-mixed compounds, as shown in Figure 2. This range of 
values has not been altered significantly by varying such factors as the type of 
polymer, the grade of carbon, the solvent, the ratio of carbon to rubber, the 

* Reprinted from Industrial and Engineering Chemistry, Vol. 44, No. 1, pages 125-131, January 1952. 


This paper was presented before the Division of Rubber Chemistry of the American Chemical Society at its 
meeting in Washington, D. C., February 28-March 2, 1951. 
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temperature, or the tumbling time*. Adsorption from dilute solution therefore 
appears inadequate as a method for following the progressive development of 
the carbon gel complex, through failure to bridge this gap between 3 and 30 
per cent insolubilized rubber. 


: 
5 


NG 


IN DILUTE IN MILL- MIXED 
BENZENE SOLUTION STOCKS 


Fig. 2.—GR-S X-478 insolubilized in dilute solution and mill-mixed stocks. 


In view of these limitations the need for a new adsorption procedure was 
recognized, a procedure which would permit intimate contact of carbon and 
rubber, without the interference either of solvent as in the dilute adsorption 
test or of mechanical shear as in standard mixing procedures. Such a method 
should make it possible to follow the progressive development of the carbon gel 
complex, to appraise the role of adsorption in this development, to evaluate the 
accompanying oxidative reactions, and to provide information on the nature of 
the carbon-rubber bond. These were the objectives of the present study with 
41° F GR-S X-478 (cold rubber). 


DEVELOPMENT OF THE DRY ADSORPTION TEST 


In order to eliminate solvent interference in the adsorption test, a series was 
run in which the benzene solvent was evaporated at room temperature in a suc- 
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cession of steps up to and including a state of dryness. The concentrates from 
these successive steps were rediluted to their original volume with benzene, 
and adsorption was then determined, with the results presented in Table I and 
graphed in Figure 3. The results showed no significant increase in adsorption 


TABLE 


EFFECT OF SOLVENT REMOVAL ON ADSORPTION OF 
GR-S X-478 sy Carspon Biack 


5 to 1 Carbon-rubber ratio 


Solvent volume Solvent volume GR-S X-478 adsorbed 
before redilution® after redilution® (% by weight of carbon‘) 


2.5 


* Benzene A.R. used as solvent. 
> After solvent removal, flask remained at 25° C for 1 hour. 
¢ Carbon used was Statex R. 


SOLVENT VOLUME (mi) 


Fia. 3.—Effect of solvent removal on adsorption of GR-S X-478 by carbon black. Solvent removal 
at 25°C. Concentrates diluted to original volume before testing. Statex-R. 


until the last few cc. of solvent had been removed, at which point a pronounced 
increase developed. Since in these tests the rediluted solutions were always 
allowed to reach equilibrium before analyses were made, the higher values 
given by the completely dried sample indicate a stronger carbon-rubber bond. 
In this case adsorption had become irreversible, in contrast to the reversibility 
in dilute systems. 

This new adsorption approach offered promise as a means for bridging this 
3 to 30 per cent insolubilized rubber gap and for following the development 
the carbon gel complex. After confirmatory tests had established the utility 
of this approach, the following standardized dry adsorption test procedure was 
used for all the studies reported in this paper. 
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One-tenth gram or more of pigment, depending on the pigment to rubber 
ratio desired, is accurately weighed into a 250-cc. Erlenmeyer flask. 

Ten cc. of the GR-S X-478 benzene solution are pipetted into the flask. 
Concentration is approximately 2 grams of polymer per 100 cc. of solution. 

The flask is gently swirled in a current of warm air until dryness is ap- 
proached. At this point a vacuum is applied to remove the last traces of solvent. 
The residue appears as a film on the bottom of the flask. 

The flask is heated at the desired temperature for 1 hour in the air oven. 

After cooling the sample to room temperature, 200 cc. of benzene are added 
and the flask is stoppered securely. The flask is set aside for 3 days and shaken 
occasionally to ensure solution equilibrium. 

The contents of the flask are filtered, and the concentration of the clear 
filtrate is determined gravimetrically. Results are expressed as percentage of 
insolubilized rubber, either by weight on pigment or original rubber, as desired. 


TABLE II 


Errect or CarBON-RUBBER Ratio ON ADSORPTION OF 
GR-S X-478 arrer SoLventT REMOVAL 


Dry adsorption procedure* 
GR-S X-478 adsorbed 


Carbon-rubber ratio % by weight on carbon) 
20:0 3.0 
10:1 4.3 
5:1 5.8 
2:1 6.5 
1:1 8.4 
0.5:1, tread ratio 9.5 


« All films heated for 1 hour at 85° C in air oven. 
+ Carbon, Statex-K. 


CARBON-RUBBER RATIO 


Using this new test procedure, the effect of the carbon-rubber ratio on ad- 
sorption was determined, with the results presented in Table II and Figure 4. 
Decreasing the carbon-rubber ratio from 20 to 1 to the tread ratio of 0.5 to 1 
raised the level of adsorbed rubber to approximately 10 per cent by weight on 
the carbon. The films in each instance were heated at 85° C for 1 hour to re- 
move all traces of solvent. This drying temperature resulted in a higher level 
of adsorption than given by the room temperature drying employed previously 
in Table I. 


EFFECT OF TEMPERATURE ON ADSORPTION 


Using the dry adsorption procedure—a drying temperature of 85° C, and a 
carbon-rubber ratio in the tread range—gave an adsorption value of 10 per cent, 
which is more than three times the value of 3 per cent from dilute adsorption 
tests, but still only one third of the value of 30 per cent obtained in mill-mixed 
stocks. In the next phase of these studies the effect of temperature was in- 
vestigated. Initial studies were limited to the range of 25° to 135° C, the latter 
temperature lying just below the temperature at which polymer gel is formed. 
Subsequently the study was extended to temperatures above 135° C—within 
the region where gelation of polymer occurs. In all cases the time of heating 
was | hour. 
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INFLUENCE OF CARBON BLACK ON OXIDATION 


ADSORPTION -% BY WEIGHT ON CARBON 


 OV3YL 


i i 
CARBON : RUBBER RATIO 


Fic. 4.—Effect of carbon-rubber ratio on adsorption of GR-S X-478 after solvent removal 
(dry adsorption). Carbon-rubber film (from solution) heated 1 hour at 85° C. Statex-K. 


The initial studies, within the temperature range of 25° to 135° C, were 
carried out with Statex-R high-abrasion furnace black (HAF) in 41° F GR-S 
X-478 at two loadings—50 and 100 parts per hundred of rubber. Results are 
given in Table III and Figure 5. The level of adsorption increases with tem- 
perature, reaching a value of 20 per cent for the loading of 100 parts per hundred 
rubber at 135° C. The rate of adsorption increase, however, is seen to change 
significantly with temperature. In the temperature range of 85° to 120° C, 


TABLE III 


Errect oF TEMPERATURE ON INSOLUBILIZATION OF 
GR-S X-478 sy Carson Buiack 


All films heated 1 hour in air oven 
GR-S X-478 insolubilized (%) 
A 


Temperature (° C) Control 50 Statex-R> 100 Statex R¢ 
1.8 6.0 
3.3 8.6 
7.5 
17 
9.1 


19 

12 25 

32 
« Control contains no carbon. 


+ 50 parts per 100 parts of hydrocarbon. 
¢ 100 parts per 100 parts of hydrocarbon. 
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the rate is approximately five times greater than that below 85° C. Since 
Figure 5 shows no polymer insolubility developing throughout this temperature 
range to explain this variability in adsorption rate, the explanation probably 
lies in oxidative changes in the polymer. 


40} 


INSOLUBILIZED 
8 


% GRS X-478 
a 


iL 1 i i A. 
25 50 7S 100 125 ISO (75 
TEMPERATURE, °C. 


Fig. 5.—Effect of temperature on adsorption of GR-S X-478 by carbon black below temperature 
of polymer gel formation. All carbon-rubber films heated 1 hour. Statex-R. 


Before investigating oxidative changes occurring in the polymer, the range 
of temperature treatment was extended from 135° to 180° C (356° F), in which 
range appreciable polymer gel is formed by this method. The results are pre- 
sented in Figure 6. The polymer is seen to develop insoluble gel rapidly in this 
temperature range reaching 80 per cent at 180° C. This polymer gel formation 
has a significant effect on the adsorption curves; the second rapid increase 
noted in insolubilized rubber was due to insoluble polymer gel. Since the rate 
of increase for insolubilized rubber in the presence of carbon is not as great 
as the rate of increase for the polymer, it must be assumed that the carbon 
acted to repress the formation of polymer gel. 


EFFECT OF TEMPERATURE ON OXIDATION OF GR-S X-478 


The intrinsic viscosities of the filtrates from these adsorption tests were 
measured to determine if variability in the adsorption rate of GR-S X-478 by 
carbon, in the temperature range from 25° to 135° C, was due to oxidative 
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% GR-S X-478 INSOLUBILIZED 


“Control 


Ss 6 © «2 to 
TEMPERATURE , °C. 


Fia. 6.—Effect on insolubilization of GR-S X-478 carbon black. 
ll carbon-rubber films heated 1 hour. Statex-R 


changes occurring in the polymer in this temperature range. A polymer 
control and a second carbon-rubber system were included. Results are set 
forth in Table IV and Figure 7. 

These intrinsic viscosity data indicate that carbon black preferentially ad- 
sorbs the higher molecular-weight fraction of the polymer at temperatures up 
to about 100° C. Similar adsorption effects have been noted previously with 


TaBLe IV 


Errect oF HEATING IN AIR ON INTRINSIC VISCOSITY OF 
POLYMER AND CARBON-RUBBER FILMS 


Intrinsic viscosity® (30° C) 


Tempera- . 50 phr Micronex 
ture (° C) Control? W-6 
1.98 


1.92 
1.99 
1.98 
1.98 


« Intrinsic viscosity determined on filtrates from films heated 1 hour in air oven. 
+ No gel formed in control at any of the temperatures. 


To 80% at 

40 180° 

! 

— 

— 

/ 

/ 

85 2.03 2.01 
110 1.84 

120 2.03 
125 1.80 

125 1.48 

140 1.12 1.96 | 
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Stotex R Filtrate 
Pd 


> 
Micronex W6 Filtrote 
phr 


T 


T 


w 


GRS 
Control 


INTRINSIC VISCOSITY [n]} 


© 


O7F 


i 


50 100 150 
TEMPERATURE 


Fic. 7.—Effect of heating in air on intrinsic viscosity of polymer and carbon-rubber films. 
Heating time 1 hour in all cases (air oven) on films from dry adsorption procedure. 


mill-mixed stocks'. With the polymer, little change in intrinsic viscosity 
takes place up to 85° C, but thereafter the viscosity decreases rapidly, indicat- 
ing that oxidative scission increases rapidly beyond 85° C. This sharp drop 
in the intrinsic viscosity of the polymer appears to be related to the increased 
adsorption rate pointed out in connection with Figure 5. In the presence of 
carbon black there is substantially no change in the intrinsic viscosity up to 
135° C. There are two suggested explanations for this effect of the carbon— 
either the low molecular-weight scission products are being adsorbed or the 
oxidation intermediates through which the scission reactions would proceed are 
being adsorbed and inactivated. It is possible also that both adsorption effects 
might take place and that the decreasing intrinsic viscosity of the polymer 
control could result from changes in molecular structure‘. 

To check the possibility of carbon adsorbing polymer selectively on the 
basis of molecular weight, tests similar to those just described were run in an 
atmosphere of nitrogen, under conditions which promote cross-linking reactions. 
Results are presented in Figure 8. Under these conditions the intrinsic viscos- 
ity of the polymer is seen to increase considerably, whereas in the presence of 
carbon black this increase is markedly depressed. Again there are two possible 
explanations for this effect of the carbon—either the high molecular-weight 
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2.5 
24 
23 
22 
2. 
20 


VISCOSITY £1] gore. 


INTRINSIC 


TEMPERATURE , °C. 


Fia. 8.—Effect of heating in air and nitrogen on intrinsic 
viscosity of polymer and carbon-rubber films. 


products are being adsorbed or the oxidation intermediates through which the 
cross-linking reactions proceed are being adsorbed and inactivated. It is 
concluded that the dominating role of carbon in these reactions is to curtail 
both polymer scission and cross-linking by adsorption of the activated inter- 
mediates through which both of these reactions would proceed. 

These results would not be expected on the basis of studies reported by 
Winn, Shelton, and Turnbull, in which they claim that carbon black isa catalyst 
for the oxidation of GR-S vulcanizates. They showed also that increased 
oxygen adsorption resulted in a correspondingly greater deterioration of physi- 
cal properties. Mesrobian and Tobolsky®, on the other hand, reported that, 
while tread stocks adsorb more oxygen in a given time interval than correspond- 
ing gum stocks, physical aging tests showed that there was very little difference 
between the aging of gum and tread stocks for a given polymer. 


ADSORPTION ISOTHERMS 


The presence of carbon black curtailed the development of polymer gel. 
White, Ebers, Shriver, and Beck’ found that easy-processing channel black 
(EPC) prevented the build-up of substantial quantities of polymer gel with 
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TaBLe V 
GR-S X-478 Dry ApsorPTION IsOTHERMS 


All films heated for 1 hour in air oven 
GR-S X-478 insolubilized (%) 


‘ 


Carbon loading* with Micronex W-6 


Tempera- Polymer 
ture (° C) control 10 25 50 75 100 
25 0 — _— 2.1 3.0 4.4 
85 0 — — 4.7 7.8 9.5 
110 0 —_ — 9.5 13 15 
125 0 — — 9.3 14 20 
135 0 ll 15 22 
165 62 37 17 14 19 29 
180 80 62 25 22 27 38 


* Parts per 100 parts of hydrocarbon. 


standard GR-S, an effect which they ascribed as possibly due to the adsorption 
by the carbon of gelation intermediates and the destruction or dispersion of the 
gel by the shearing stresses during mastication. The exact role of adsorption 
could not be evaluated because of mastication interference. By the dry ad- 
sorption approach described in this paper this mastication effect is eliminated. 


% GR-S X 478 INSOLUBILIZED 


5 (5 25 50 75 100 
CARBON LOADING ( phr) 


Fia. 9.—GR-S X-478 dry adsorption isotherms. Films heated 1 
hour in air oven. Micronex W-6. 


4 Al 
teat 
+ 
| 
| 
80 
{ 70 
40 
180 °C. 
| 
30 
165°C. 
125°C, 
10°C, 
10 85°C. 
\ 


INFLUENCE OF CARBON BLACK ON OXIDATION 567 


Following the procedure outlined for Figure 5, a series of adsorption iso- 
therms was developed, using Micronex W-6 over a range of loadings with GR-S 
X-478, the temperature range extending well into the gel-forming region. 
The results of these tests are given in Table V and the isotherms are presented in 
Figure 9. Below the temperature of polymer gel formation (135° C) the ad- 
sorbed rubber increases proportionately with carbon loading. Above the 
temperature of polymer-gel formation, the carbon black represses gel forma- 
tion, since the sum of adsorbed rubber plus polymer gel in a carbon-rubber 
film is significantly less than the polymer gel formed at that temperature in the 
control. This repression effect increases with loading until a maximum gel re- 
pression is reached, 7.e.,. minimum insolubilized rubber. Carbon loadings be- 
yond this minimum again increase rubber insolubilization proportional to the 
loading. With Micronex W-6 the maximum gel repression occurs at about a 
50-part loading. 

The probable mechanism whereby the aggregative and disaggregative re- 
actions in the polymer are repressed involves selective adsorption by the carbon 
black of the intermediates through which these reactions would normally pro- 
ceed. It appears on the basis of this isotherm study that, for maximum ad- 
sorption of these intermediates, a critical total carbon surface is required. If 
the carbon surface, which is a function of particle size and loading, is less than 
this critical amount, the adsorption of these intermediates will be incomplete 
and gelation will not be fully repressed. 


GEL REPRESSION BY VARIOUS RUBBER PIGMENTS 


This gel repression effect was next investigated for a series of carbon and 
noncarbon pigments to determine first whether carbons were unique in this 


property and, secondly, whether the type of carbon surface was a factor. For 
this purpose three typical noncarbon rubber pigments and a variety of carbon 
pigments with widely differing surface chemistry were used. In all cases the 
maximum temperature of the preceding study (Figure 7) was employed, 7.e., 
180° C, which in the dry adsorption procedure gelled 80 per cent of the polymer. 


VI 
GR-S X-478 PotymMerR GEL REPRESSION FOR VARIOUS PIGMENTS 


All films heated for 1 hour at 180° C in air oven 
GR-S X-478 insolubilized for various pigment loadings (phr) (%) 


Pigment? 150 250 


Micronex W-6 49 58 
Statex R 40 52 
P-332 
Silica 72 
Zine oxide 
Hi-Sil 82 68 


Benzene-extracted. 
> Parts per 100 parts of hydrocarbon. 


The results of this study are set forth in Table VI and Figure 10. All the 
carbons show a pronounced gel repression effect, whereas the noncarbon pig- 
ments exhibit little of this property. It would appear, therefore, that the 
carbons as a group have a selective adsorption activity toward the oxidative 
intermediates, while noncarbon pigments are relatively nonselective in this 
adsorption activity. The carbons display rather wide differences in this gel 


| q 

— 

300 400 500 600 a 

24 26 28 29 

8 87 — 
4 

4 


568 RUBBER CHEMISTRY AND TECHNOLOGY 


Silico 4 Zinc Oxide 
F 
70 
Hi Sil 
: Micronex W-6 

60 
N Stotex R 
a 
5 50 
° 
a 
@ 
~ 
+t 
x 
& 30} 
2 

20+ 

10} 

re) i i iL 


100 200 300 400 500 600 
PIGMENT LOADING (PHR ) 


Fie. 10.—GR-S X-478 polymer gel repression for various pigments. 
All films heated 1 hour at 180° C in air oven. 


repression property, differences that must be associated with total surface and 
chemistry of surface. Chemistry of surface undoubtedly determines the degree 
of selective adsorption; the greater this selectivity, the greater the gel repression 
and the lower the minimum in Figure 10. Since the fine thermal carbon, a 
coarse black which was benzene-extracted to remove oily matter, shows almost 
the same maximum gel repression as channel carbon, although differing radi- 
cally in surface chemistry, there is apparently more than one mechanism involved 
in selective adsorption. The higher loading required by the fine thermal for 
this maximum gel repression is ascribed to its coarse particle size. The HAF 
sarbons do not repress gel formation to the extent of channel black, and they 
require a higher loading to reach their maximum repression effect. This shift 
to higher loading for the HAF carbons, in spite of an equivalent particle size to 
channel black, may possibly be ascribed to their lower activity towards gelation 
intermediates. This selectivity of adsorption does not necessarily provide a 
measure of the total rubber insolubilized by carbon. 
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EFFECT OF SURFACE CHEMISTRY ON GEL REPRESSION 


Channel carbon and fine thermal black inhibit gel formation to practically 
the same degree, although differing radically in surface chemistry. Channel 
carbon is a high-volatile, low-pH impingement black, while the fine thermal 
black is a low volatile, alkaline pH thermal decomposition black. Since the 
furnace carbons used in this study did not show the maximum repressive effect 
of either the channel or thermal carbons, whatever surface chemistry is re- 
quired for maximum repression with these two carbons is present to a reduced 
degree on the furnace carbons. 
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Fia. 11.—Effect of deoxidation of Micronex W-6 on gel repression of GR-S X-478 polymer. Micronex 
W-6 deoxidized for 18 hour at 2000° F. Films heated ! hour at 180° C in air oven. 


To test the effect of volatile on gel repression, Micronex W-6 was deoxidized 
by heating in the absence of air for 18 hours at 2000° F. The gel repression of 
this deoxidized Micronex W-6 was reduced, with the minimum level of insolu- 
bilized rubber and optimum carbon loading shifted to values slightly beyond 
the HAF carbons (Figure 11). Volatile as present on Micronex, therefore, 
appears to play an important role in repressing gel formation. Recently, 
Polley, Schaeffer, and Smith*® have concluded from heat of adsorption data that 
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dihydromyrcene appears to undergo chemisorption on the surface of channel 
black. Preliminary tests with P-33 demonstrated that, after treatment with 
iodine monochloride, the gel repression effect was even more drastically re- 
duced than in the case of deoxidized Micronex. 

The mechanism of gel repression for P-33 therefore appears to be associ- 
ated with its unsaturated surface. Unsaturated carbon surfaces involving 
ethylenic double bonds have been previously reported by Stearns and Johnson?. 
The inhibiting effect of these carbons on the oxidation reaction may therefore 
result from free radical interaction with chemical groups on the carbon surface. 


CARBON VS. NONCARBON PIGMENTS 


Carbon pigments have been shown to repress polymer gel formation, a phe- 
nomenon associated with their behavior in repressing the oxidative scission re- 
action. Nonecarbon pigments, on the other hand, showed at best only a minor 
gel repression effect, and therefore would be expected to have little repressive 
effect on the oxidative scission reaction. This was confirmed by the data set 
forth in Figure 12 and Table VII. 


SCISSION REACTIONS GELATION REACTIONS J 
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Fig. 12. Effect of carbon and noncarbon pigments on oxidation of GR-S X-478 at maximum 
gel repression loadings. 


APPLICATIONS TO MILL MIXING 


This inhibitory effect of carbon black on the various oxidative reactions in 
cold rubber would be expected to play an important role in mill-mixed com- 
pounds. The importance of this role would vary as the conditions employed in 
mill mixing deviated from the conditions found to give maximum effects in this 
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VII 


Errect oF CARBON AND NONCARBON PIGMENTS ON 
OXIDATIVE ScIssIon OF GR-S X-478 
All films heated for 1 hour at 135° C in air oven 


Loading 
(parts per 100 Intrinsic 
arts of viscosity® 
Pigment hydrocarbon) (30° C) 


Polymer control’ 1.23 
Statex R 1.89 
Micronex W-6 1.98 
P-33 (FT) 1.74 
Silica 1.37 
Zine oxide : 0.86 


@ Intrinsic viscosity determined on filtrates. 
* No insolubilized rubber formed in control. 


investigation. For example, with Micronex W-6, this maximum repressive 
effect occurs at the 50-part loading, which is normal for mill-mixed compounds, 
whereas with P-33, maximum repression takes place at a loading above 200 
parts, which is normally well above that for mill-mixed compounds. Similarly, 
Statex-R shows a maximum repression at the 100-part loading, which is also 
higher than the loading normally used in tread compounds. The 1-hour heat- 
ing time used in the present method and that used in mill mixing is another 
important factor. Some confirmation of this difference between carbons has 
been obtained in preliminary tests on mill compounds mixed at high tempera- 
tures in the polymer-gel forming range. A 50-part NB of Micronex W-6 milled 
for 45 minutes at 365° F developed substantially less total insolubilized rubber 
than a polymer control mixed under identical conditions; a 50 part MB of 
Statex-R developed a higher level of total insolubilized rubber than Micronex 
W-6 over a range of conditions. 

The polymer gel repression characteristic of carbon black may modify or 
invalidate corrections, in which the gelation of a blank raw polymer gum is 
subtracted from the bound rubber values for similarly treated mixed stocks. 

This adsorption approach is applicable to the study of all rubber-carbon 
systems and offers possibilities of providing additional information on the 
mechanism of the carbon-rubber bond. 


SUMMARY 


Previous investigations have shown a large difference between the amount of 
rubber insolubilized by carbon black in dilute solvent systems and in standard 
mill mixes. The purpose of this study, after reconciling these extremes, was to 
evaluate the role of adsorption in the insolubilization of rubber in mill-mixed 
compounds. 

An adsorption test was employed which eliminated the solvent effect of the 
dilute system and the mastication effect in mill mixing. Results showed that 
carbon black, depending on the temperature and atmosphere conditions im- 
posed on the rubber carbon films, represses the scission, cross-linking, and gela- 
tion reactions of GR-S X-478. This repressive effect is ascribed to the adsorp- 
tion and inactivation by the carbon black of the oxidized intermediates through 
which these various reactions proceed. The magnitude of this effect was found 
to vary with the type, loading, and surface chemistry of the carbon. 

This approach not only offers promise as a means for predicting the be- 
havior of carbon black in rubber compounds, but also, because of its applica- 
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bility to the study of all rubber-carbon systems, offers possibilities of providing 
additional information on the mechanism of the carbon-rubber bond. 
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KINETIC ANALYSIS OF ORGANIC HALIDES 
IV. ANALYSIS OF MACROMOLECULAR POLYHALIDES * 
G. SALOMON AND C. KONINGSBERGER 


INTRODUCTION 


The reaction of polychlorides derived from natural rubber and that of re- 
lated polymers with organic bases will be discussed in this paper. Studies on 
analogous reference compounds have been described in the foregoing part! of 
this series. The original aim of our study was an elucidation of the reaction 
path in the chlorination of rubber. We have known for some time? that the 
product of partial chlorination has the properties of an allylic chloride, but the 
assignment of a definite structure became possible only by a combination of 
kinetic results with infrared analysis, as will be discussed in the first section 
of this paper. The polychlorides obtained on further chlorination are rather 
complex, and it was thought desirable to compare them with the products ob- 
tained from a controlled addition of chlorine to the double bond, which are 
therefore discussed in the second section. Finally we shall deal with the differ- 
ent types of chlorinated rubber. 


KINETIC ANALYSIS OF PRODUCTS OBTAINED BY DIRECT 
CHLORINATION OF RUBBER 


THE STRUCTURE OF ALLYLIC RUBBER CHLORIDES 


Chlorination of rubber under various conditions has been studied by van 
Amerongen, Koningsberger and Salomon’. The reaction products were sub- 
mitted to the aniline test under the experimental conditions already described.‘ 
Results from a large series of runs are summarized in Figure 1. It is seen that 
products with a chlorine content of about 20-30 per cent are much more re- 
active with aniline at 70-100° C than fully chlorinated rubber with 60-65 per 
cent chlorine. The reactivity of the chloride with 20-30 per cent chlorine is 
identical with that of low molecular allylchlorides®. 

It was originally assumed that substitution of hydrogen by chlorine leads to 
one or several of the following three allylic structures: 


CH; 
—CH:—C=CH—CH— 
1 1 
I II III 


The differentiation between the primary allylic chloride I and the secondary 
allylic chlorides II and III was made possible by an additional kinetic test. 


* Rageinted from the Recueil des Travaux Chimiques des Pays-Bas, Vol. 70, No. 7, pages 545-554, July 


1951. Part Lis in RupeperR Cuemistry AND TecuNnovoey, Vol. 23, No. 2, pages 447-456, April-June 1950, 
and Part II in Vol. 24, No. 2, pages 436-446, April-June 1951. Part III was published in the Recueil des 
Travaux Chimiques des Pays-Bas, Vol. 70, No. 7, pages 537ff (1951). 
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% Ci |Nitrobenzene (4vol). Aniine 
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Fig. 1.—Average results of a large number of aniline tests with chlorinated rubbers. Chlorine content 


of the polymers 20-30 per cent chlorine and 60-65 per cent chlorine. The curves refer to the upper and 
lower limit in chlorine content of the starting material and show the rate of chlorine-ion formation at 100° C 
and 70° C in pure and diluted aniline. Reproducibility of each point +1.5 per cent. 


We have found on model compounds that secondary allylic chlorides react 
much faster with silver chloride than primary allylic chlorides. The reactivity 
of the rubber chloride corresponds to at least 50 per cent that of a secondary 
allylie chloride under the conditions of this test (see Table I). 

A more detailed discussion of the course of the reaction? made, moreover, a 
primary attack of chlorine on the double bond more probable than direct sub- 
stitution, leading to an allylie chloride by “substitutional addition” 


CH; 
| 
O _cH =C—CH—CH,— 
CH, x | 
Cl 
—CH;—C—CH—CH)— IV 
Cl CH; 


| 
NG CH 
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ANALYSIS OF MACROMOLECULAR POLYHALIDES 


TABLE I 
Reactivity oF ALLYLIC CHLORIDES 
Reagent: 0.1 N AgNO; in dioxane. % Cl’ after 1.5 hours at 30° C 
Group Compound 
CH, 
Primary allylic CH 


Secondary allylic CH;—CH=CH—CHCI—CH.—CH; 
Allylic group in rubber 


The products IV and V are of course kinetically identical within the ac- 
curacy of our method. The vinylic double bond in V can, however, be identi- 
fied by a new absorption frequency in the infrared. We have shown recently® 
that the original 12 u double bond frequency, which occurs in rubber and could 
be expected for the structures I, II, III and IV, is very weak in partly chlori- 
nated rubber and that a new strong 11 w band, typical for the occurrence of the 
terminal methylenic group in V appears. This result in combination with 
Table 1 and Figure 1 proves the preponderant formation of V as the first prod- 
uct of chlorination. 


THE STRUCTURE OF HIGHLY CHLORINATED RUBBER 


The picture’given"by the"products‘of direct chlorination, starting either from 
rubber solutions or from latex’? changes gradually from allylic to less reactive 
structures. Ata chlorine content of 40-50 per cent an allylic fraction, which 
reacts instantaneously with aniline, is found, (see Figure 2). These kinetic 
results suggest that the process of substitutional addition is being repeated. 


CH; (—)CI—CI1:CH, 


| | 
—CH.—C—CH—CH,— —CH:—C—CH—CH;- — 
! + 
Cl Cl 


V 346% Cl Va 
Cl—CH, 
| 
VI 51.8% Cl 
The resulting dichloride VI is a very reactive allylic chloride, which could 
stabilize to VII on addition of one molecule of chlorine. 
CH.Cl 
—CH—C—CH—CH:— 
dy dy dy 
VII 68.2% Cl 
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On this assumption the final product of chlorination VII with three vicinal 
chlorine atoms could be expected to resemble kinetically the vicinal polychlor- 
ides IX and X discussed below. It is seen however, from a comparison of 
Figure 2 with Figure 5 that the slopes for the curves with aniline in Figure 2 are 


Aniline 100°C Kylene(4vo!)_ Piperidinelivel 20°C 


———— 


a Criorinatedin solution 


SO% Ci 


Chriorinated 
49% C 


56% C! 
60 


2° 40 60 60 
time in hours time in hours 


Fig. 2.—Change of reactivity of chlorinated rubbers with degree of chlorination. Conditions of chlori- 
nation: (a) Direct chlorination with chlorine gas of rubber in solution at 20° C, and (b) of stabilized latex at 
0-20° C, (c) perchlorination with liquid chlorine of chlorinated rubber from latex. Kinetic analysis: Rate 


of chlorine-ion formation at 100° C in pure aniline and at 20° C in piperidine (1 volume) diluted with xylene 
(4 volumes). 


much steeper. This difference becomes still more pronounced with the prod- 
ucts of perchlorination (Figure 2c), which contain up to 70 per cent chlorine. 
Two factors contribute to this enhanced reactivity of highly chlorinated rubber: 


1) Residual double bonds of the structural type VI can occur in the polymer. 
This contention is supported by the results of infrared analysis®. 
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2) Structures of the type VII and similar structures such as VIII [from addition 
of chlorine to V] 
CH,Cl 


1 Cl 
VIII 61.4% Cl 
CH; CH; CH; 
H—CH,— ——— —CH—C—CH—CH:— —CH—C—CH—CH— 


dy Cl: by bi bi by by bi 


IX 51% Cl X 61.4% Cl XI 68.2% Cl 


are more reactive and thermally unstable than the vicinal chlorides IX, X, 
and XI, which will be discussed later on. Experimental evidence for this 
assumption has already been produced. (Compare the vicinal chlorides in 
Figure 1 of the previous work! with the propane derivatives in Figure 3). 


Anime 100°C Anitine 70°C 


fl 


4 


60 80 


m nours time in hours 
Fie. 3.—Influence of the method of chlorination on the reactivity of chlorinated rubbers with 44-46 
per cent chlorine. Conditions of chlorination: Natural rubber dissolved in benzene. 


Curve a. product from direct chlorination at + 40°C 
b. idem at — 70°C 
c. product from reaction with SO2Cl: at + 69°C 
d. product from reaction with CeHsICle at + 77°C 


Kinetic analysis: Rate of chlorine-ion formation at 100° C and 70° C in pure aniline. 


By correlating Figure 2 with model experiments! and infrared analysis’, it is 
concluded that in the process of direct chlorination the olefinic chlorides of the 
type V and VI are gradually, but not necessarily, completely transformed into 
saturated polychlorides of the type VII and VIII. 


KINETIC ANALYSIS OF RUBBER DICHLORIDES AND 
THEIR CHLORINATION PRODUCTS 
THE STRUCTURE OF RUBBER DICHLORIDES 


The addition of chlorine to the double bond has first been achieved by 
Bloomfield® with the aid of CsH;ICl; or of SO2Cl, as a source of chlorine. 
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The latter compound reacts in a peroxide-catalyzed radical chain reaction, 
which has been studied in great detail by van Amerongen and Koningsberger’. 
Some typical kinetical results are summarized in Figure 3. 

The product prepared with C,H,;ICl, (curve d, Figure 3) is very stable and 
must, therefore, differ in structure from that of direct chlorination (curve a and 
b). The experiment with SO.Cl. is much less convincing, and the result (curve 
2) does not seem to differ essentially from that of direct chlorination at low 
temperature. This, however, is due only to the fact that impurities and higher 
temperatures interfere with the course of the radical chain reaction. Starting 
from purified gutta-percha or using the more efficient tert.-butyl hydroperoxide 
as a source of radicals, good yields of the stable chloride can be obtained (see 
Figure 4). In experiments (a) and (b) of Figure 4, at least SO-90 per cent of 


Anitine 100% and 70°C 
a 
from gutta percha 40%C! from gutta_percha 35% C! 
100°C 
70°C 
4 1 4 
c 
| Cnionee Irom gutta percha 29%C! Chloride from rubber 38%Ci 
40; 
20+ 
100°C 
40 60 20 40 60 80 
time hours time in hour 


CHa 
Fig. 4.-Stability of the rubber dichloride —CH? C CH—CH-e— in aniline at 100° C and 70° C. 
| ! 
ci Cl 4 
Conditions of chlorination: Rubber or gutta-percha dissolved in benzene and reacted at 0-20° C with SOoCI}: 


in the presence of a peroxide. Kinetic analysis: Rate of chlorine-ion formation at 100° C and 70° C in pure 
aniline 


the total chlorine is firmly bound, while experiments (c) and (d) prove the 
absence of an allylie fraetion even to 95-97 per cent of the total chlorine. 
Products containing nearly the theoretical quantity (51 per cent Cl) of 
chlorine corresponding to structure IX have already been discussed by van 
Amerongen and Koningsberger’?. The reactivity of such polymers does not 
differ essentially from those with 30-40 per cent chlorine described in Figure 4. 
The assumption of structure IX for the main fraction (90-95 per cent) of these 
chlorides follows logically from a comparison of Figures 3 and 4 being the only 
possible stable structure. 

It has been tacitly assumed in Figure 4, that the original number of double 
bonds is diminished only by the addition of chlorine to the double bond and 
not by cyclization or other side reactions. The presence of residual unsatura- 
tion can be proved by iodine number and infrared analysis, neither method 
being however sufficiently accurate for a quantitative conclusion. Although 
HCl adds less easily to this derivative than to the original rubber (indicating a 
possible migration of double bonds) the reaction leads to the desired independent 
proof: 
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A dichloride with 37.8 per cent chlorine should consist of 57 mole-per cent 
dichloride and 43 mole-per cent of the original rubber units. On transforma- 
tion of the latter into C;Hs- HCl units, the polymer should have a total chlorine 
content of 45 per cent. After repeated treatment with HCl a product with 
44-47 per cent chlorine was actually obtained. 


THE 


OF PERCHLORINATED RUBBER DICHLORIDES 


STRUCTURE 


The rubber dichloride [IX=C;HsCl.),] can be transformed into polychlo- 
rides of the empirical composition (C;H;Cls), and (CsH¢Cl4), by chlorination 
under the influence of actinic light®. Very similar or identical products can 
be obtained® by chlorination of the hydrochloride, which leads first to IX and 
gradually to chlorides with 60-70 per cent chlorine. The reactivity of some 
afterchlorinated dichlorides is given in Figure 5. Although the main fraction 


Sect 


20 


time in hours time in hours 


Fig. 5.—Stability of afterchlorinated rubber dichlorides in aniline at 100° C and xylene-piperidine at 
20°C. Dichloride with 38.1 per cent chlorine (see Figure 3), products with 56 per cent chlorine and 64 per 
cent chlorine from chlorinated rubber hydrochloride. Kinetic analysis: Rate of chlorine-ion formation at 
100° C in pure aniline and at 20° C in piperidine (1 volume) diluted with xylene (4 volumes). 


remains stable up to a chlorine content of 64 per cent, a small very reactive 
fraction becomes particularly evident from the reaction with piperidine. A 
possible interpretation would seem, that on further chlorination not only the 
very stable structures X and XI but also the more reactive units VII and VIII 
are formed. 


THE ANILINE TEST 


We have used in our technological research the reaction with aniline at 100° 
C after only one fixed time (17 hours) as a test. This test was originally de- 
signed for the separation of allylic and polychlorides. It is less significant as a 
criterium for chlorinated rubbers. 

Nevertheless the change in reactivity is typical for the different chlorination 
processes. Van Amerongen has already summarized’ our experience and 
Figure 6 is a slightly modified version made essentially from his data. It is 
seen that chlorinated rubber from solution (curve 1) or latex (curve 2) becomes 
gradually stabilized until a minimum of reactivity at 62-65 per cent chlorine is 
reached. Chlorination of the hydrochloride in solution (curve 3) leads already 
at about 50 per cent chlorine content to a stability which is nearly identical 
with that of the dichloride (curve 4). In fact, at a chlorine concentration of 
50-55 per cent, both polymers are very similar in all properties. The mini- 
mum of curve 3 between 55-60 per cent chlorine is very pronounced. On 
further chlorination, the reactivity of the chlorides in curve 3 and curve 4 
reaches that of perchlorinated rubber derived from the products of direct 
chlorination. The position of the minimum of reactivity in the aniline test is 
closely related to the method of chlorination. 
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Van Amerongen has shown’ that thermal stability and resistance to hot 
water go parallel with the aniline test until the maximum of stability is ob- 
tained. The perchlorinated products are, however, more stable thermally 
than could be expected from the aniline test. This is in agreement with the 
fact that highly chlorinated alkanes are particularly sensitive to the action of 
bases! but not thermally unstable to the same degree. 


tect chiorination 
=. 


i\ - 

soV 60 70 
Addition of Ci, Perchiorination of 
te double bond chiorinated products 


Fie. 6.—Influence of the method of chlorination on the amount of chlorine ions formed after 17 hours 
at 100° C in pure aniline, technological aniline test. (Total chlorine content in polymer on abscissa.) 
Data taken from van Amerongen and Koningsberger® and from Figures 3, 4, and 5. Chlorination curves: 

. rubber in solution + Cl: 

2. latex + Cle 

3. rubber HC] in solution + Cle 
. rubber in solution + SO2Cls 


The application of this method to the identification of technical samples of 
nearly identical composition (fingerprinting) and to the kinetic analysis of 
polymer mixtures will be discussed elsewhere. 


EXPERIMENTAL PART 


The preparation of polymers used in this study has been extensively dis- 
cussed elsewhere’, The method of titration was the same as before‘. The 
scope of measurements was limited again by the degree of swelling of the polymer. 


Chlorination products derived from natural rubber and some synthetic 
polymers have been subjected to kinetic analysis with aniline at 100° C and piper- 
idine at 20° C. The influence of the chlorinating agent on the structure of the 
reaction products has been elucidated. 

It is shown that allylic chloride groups, the rubber dichloride, 


CH; 


CH,—C—CH—CH, 


C1 Cl 


and rubber polyehlorides can be identified and separated kinetically. 


3 

80 

eo} 

H of 
20} 
| 
[ 

} 

i 

i 
“Tr 
SUMMARY 
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By a combination of kinetic and infrared analysis the structure 
CH, 
_cH,—¢—CH—CH,- 
Cl 
can be proved as the primary reaction product of direct chlorination. 
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STUDIES OF THE VULCANIZATION AND 
STRUCTURE OF POLYACRYLIC RUBBER * 


S. T. SEMEGEN AND J. H. WAKELIN 


B. F. Goopricu Researcn Center, BrRecksvILLe, 


* The field of acrylate chemistry has in recent years assumed a position of 
sizable importance. This field includes both monomers and polymers, esters, 
salts, amides, and even the free acid of acrylic acid or substituted acrylic acid, 
such as the methacrylic acid. While considerable use has been made of the 
resinous polyesters, such as polymethyl methacrylate, the rubber industry 
is especially interested in the more rubbery range of polyesters of acrylic acid. 

Particularly is this true of polyethyl acrylate, whose physical properties 
in the raw or compounded polymer are more readily adapted to rubber process- 
ing equipment and finished goods specifications than other alkyl acrylates. In 
general, polyacrylate esters have the characteristics indicated in Table I. 


TABLE I 
CHARACTERISTICS OF THE POLYACRYLATE EsTERS 


Physical appearance 


Ester of polymer 
Methyl acrylate Horny, resinous 
Ethyl acrylate Tough, rubbery 
Butyl acrylate Soft, tacky 
Amy] acrylate Very soft, viscous 
2-Ethylhexyl acrylate Soft, tacky 
Decyl acrylate Soft, waxy 


While polyethyl acrylate has interesting properties, its highly thermoplastic 
nature reduces its utility as a specialty rubber. Further work in our laboratory 
disclosed certain effective vulcanizing agents. In view of the completely 
saturated chemical nature of the polymer, the conventional sulfur and ac- 
celerators useful in natural rubber and other diene rubbers were unsuccessful 
in converting the plastic to an elastic. New vuleanizing agents developed 
were those shown in Table IT. 


II 
ErrectivE VULCANIZING AGENTS FOR POLYETHYL ACRYLATE 


Sodium metasilicate pentahydrate 
Sodium metasilicate nonahydrate 
Sodium hydroxide 

Sodium orthovanadate 

Sodium stannate 

Potassium hydroxide 

Lead oxide 


* Reprinted from the Rubber Age (N. Y.), Vol. 71, No. 1, pages 57-63, April 1952. This paper is based 
on one presented before the Section ae E lastome rs and Plastomers at the XIIth International C ‘ongress of 


Pure and Applied Chemistry, New York, N. Y., September 10, 1951. The present address of J. H. Wakelin 
is the Textile Research Institute, P rinceton, New Jersey. 
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Subsequent to these studies, Fisher, Mast, Rehberg, and Smith at the 
Eastern Regional Research Laboratories published in 1944 their work on 
Lactoprene rubbers, disclosing acrylic ester copolymers containing vulcanizable 
unsaturation. These comprised methyl or ethyl acrylate and polyfunctional 
comonomers, such as butadiene, isoprene, or alkyl maleate. These unsaturated 
polymers could be vulcanized by conventional methods, such as sulfur and 
accelerators. 

Our interest was provoked by the mechanism of vulcanization of poly- 
acrylate esters induced with sodium metasilicate, and to a less extent with 
lead oxide. X-ray diffraction patterns of various kinds of acrylic polymers 
were examined. In addition, certain gravimetric analyses of the products of 
vulcanization were made to gain insight. 

The following vacuum distillations at 5 mm. pressure and temperatures 
up to 300° C were run in the hope that identification of distillates resulting 
from these experiments would lead to a better understanding of the reaction 
involved during vulcanization: 


1. Uncured P.E.A. 
2. Uncured P.E.A. + 10% KOH + 7% H.O 
3. Cured P.E.A. containing 17% Na.SiO;-5 H.O + 3% H.O 


In Experiment 1, 300 grams of uncured P.E.A. was distilled under 287° C 
for 13 days. Nine and eight-tenths cc. of distillate was recovered, of which 
8.8 ec. was identified as ethyl alcohol and 1.0 cc. water. The temperature was 
then raised to 312° C, and distillation continued for 20 days more. One 
hundred twelve and seven-tenths cc. more distillate was obtained, of which 
84.2 ec. was ethyl alcohol and 28.5 ec. unidentified (not water, but a dark 
colored high boiling fraction). In all, 53 per cent of the theoretical amount 
of ethyl alcohol in P.E.A. was obtained. 

In Experiment 2, a 300-gram mill-mixed sample containing 257.0 grams of 
uncured P.E.A., 25.5 grams of potassium hydroxide, and 17.5 grams of water 
was distilled for 13 days at 287° C. Eighty nine ce. of distillate comprised of 
71.5 ee. of ethyl alcohol and 17.5 ce. of water was obtained. In all, 47% of the 
theoretical amount of ethyl alcohol in P.E.A. was obtained. 

In Experiment 3, 300 grams of silicate cured P.E.A. containing 248 grams 
of P.E.A., 44 g. of sodium metasilicate, and 8 grams of water was distilled at 
287° C for 13 days. Fifty seven cc. of ethyl alcohol and 16 ce. of water was 
obtained. After 11 more days at 318° C, 22.7 cc. of ethyl alcohol and 7.6 ce. 
of an unidentified fraction was obtained. Fifty-five per cent of the total 
theoretical amount of ethyl! alcohol in P.E.A. was obtained. 

These results are tabulated in Table III. The results are interesting since 
they indicate that the raw polyethyl acrylate is substantially unaffected by 
prolonged heating at 287° C. However, up to 312° C, enough ethyl alcohol 


TaBLeE III 


TueoreticaL Amounts ALCOHOL IN PoLYETHYL ACRYLATE 


Wt. 
P.E.A. 


(1) Uncured 
P.E.A 


(2) Uncured 
P.E.A. + KOH 257g. 


(3) Cured P.E.A. 
(silicate) 


300 g. 


248 g. 


Ce. EtOH 
at 287° C 


8.8 (13 days) 
71.5 (13 days) 
57.0 (13 days) 


Ce. EtOH 
at 312°C 


84.2 (20 days) 
0.0 (7 days) 
22.7 (11 days) 


or 


theor. 
53 
47 
55 


; 
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is liberated to be equal approximately to one out of every two ethoxy groups 
in the polymer chain. 

Through the addition of KOH, followed by heating up to 287° C, ethyl 
alcohol was readily produced to approximately the same ratio: one out of 
every two ethoxy groups. Therefore, KOH has acted as a catalyst to speed 
up liberation of ethyl alcohol, even at a lower temperature. 

The sample of polyethyl acrylate previously vulcanized with sodium 
metasilicate for one hour at 280° C gave up about the same amount of ethyl 
alcohol as before. However, it does show that, while liberation of ethyl 
aleohol accompanies vuleanization, the aleohol remains associated with the 
polymer, possibly as a plasticizer, and, as evidenced in Experiment 3, is driven 
off only after extensive heating. 

To be certain that all the water present in the curing agent (hydrated 
sodium metasilicate) could be removed during vacuum distillation, 54 grams 
of the silicate plus 9 grams of water were melted into a smooth paste and 
subjected to vacuum distillation. The theoretical amount of water was 
distilled over and identified. 

These experimental results are capable of interpretation in terms of a 
Claisen type condensation reaction. This reaction involves the hydrogen on 
an alpha-methylene group of one molecule and an ethoxy group of another 
molecule, resulting in the formation of ethyl aleohol and a cross-linkage be- 
tween two molecules. Bases catalyze this type of reaction, in agreement with 
the experimental fact that several bases are acceptable vulcanizing agents for 
polyethyl acrylate. The more curing agent used, the harder and tougher the 
vulcanizate, and presumably the greater the number of cross-linkages produced 
between the polymer chains. This is shown below: 


CeHs | Base CH, | * 
H H H 
4 
Cele Celts Coty 


The importance of the alpha-hydrogen atom is well demonstrated by the 
same distillations performed with polyethyl methacrylate, wherein a methyl 
group replaces the alpha hydrogen. In this case, vacuum distillation of 300 
grams of raw polyethyl methacrylate yields only the monomer, ethyl meth- 
acrylate. Similarly, vacuum distillation as above with 255 grams of polyethyl 
methacrylate and 45 grams of sodium metasilicate again yields only monomeric 
ethyl methacrylate. Thus, it could be predicted that bases such as sodium 
metasilicate should not vuleanize polyethyl methacrylate. Indeed this 
prediction was verified in the following manner: 


A 
* 
+ 
Bi 
4 
te 
4 
{ 
x x 
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Eighteen parts of sodium metasilicate and 3 parts of water were milled 
into 100 parts, respectively, of polyethyl acrylate and polyethyl methacrylate, 
and subjected to press molding for one hour at 275° F. Samples were immersed 
in methylethyl ketone, a good solvent for unvulcanized polyacrylates. The 
polyethyl acrylate merely swelled, while the treated polyethyl methacrylate 
completely dissolved. In addition, the treated polyethyl acrylate maintained 
high strength and little flow at elevated temperatures such as 212° F, while the 
treated polyethyl methacrylate was very soft, thermoplastic, and flowed 
considerably. Both of these tests are conventionally used as criteria of 
vulcanization. A repeat trial was run on treated polyethyl methacrylate 
molded for 60 minutes at 340° F, but no difference was observed. 

After observing these effects of vulcanization, x-ray diffraction patterns of 
various kinds of acrylic polymers were examined to determine their molecular 
structure and to study the effects of cure on the molecular rearrangement. 

The acrylate polymers, when stretched, are not crystalline. They have 
characteristic amorphous z-ray patterns, consisting of two haloes, one related 
to the length of the side group and the other to a period probably along the 
main hydrocarbon chain. Table IV shows the correlation between the side 
group spacing d, and the main chain spacing d2, varying the side group from 
polymethyl to poly-2-ethylhexyl acrylate. For comparison with the poly- 
acrylates, the methyl, ethyl, propyl, and butyl esters of a-carboxypimelic acid 
were studied. These liquid esters are similar to the polyacrylates in that 
they have the same side group chains and main hydrocarbon chain but are 
much smaller molecules. 

The patterns of the esters of a-carboxypimelic acid are strikingly similar 
to the polyacrylates, showing that polyacrylates have a liquidlike structure. 
The structural configuration of the methyl ester of a-carboxypimelic acid is 
shown below: 


CHs 


METHYL ESTER ¥ - CARBOXY POLYMETHYL ACRYLATE 
PIMELIC ACID 


The d, spacing of the methyl ester of a-carboxypimelic acid is about 2 A 
greater than that of polymethyl acrylate, indicating that the degree of packing 
of the molecules in the liquid is not so high as that in the polymer. As the 
length of the side group on the liquid esters is increased, the spacings approach 
those for the corresponding polyacrylates. 

The same corresponding polymethacrylates were studied by electron 
diffraction patterns and z-ray diffraction. The main chain spacings remained 
nearly constant and of the same magnitude as the polyacrylates. The side 
groupings showed a similar increase in spacings as the ester increased from 
methyl to butyl methacrylate. 

If the simplest polymer, polyacrylic acid, is examined, it yields an z-ray 
diffraction pattern having fairly sharp rings (Figure 1). The dry polymer is 
a brittle, hard and horny material. a-Carboxypimelic acid is a tightly bound 
crystalline compound. Its z-ray diffraction pattern is shown in Figure 2. 
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Figs. 1 and 2. 


¥-Carboxy Pimelic Acid 


X-ray diffraction patterns of polyacrylic acid and a-carboxypimelic acid. 
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Plasticized with Ethyl Alcohol 


Figs. 3 to 5.—z-Ray patterns of plasticized polyacrylic acid. 


The similarity between the polyacrylates and the liquid esters of a-carboxy- 
pimelic acid is important because it shows: 


(1) that the z-ray patterns of the polyacrylates can be simulated with 
liquid compounds of like structure. 

(2) that the spacing increase of the inner halo with length of the side chain 
is confirmed for liquids as well as for the polyacrylates. 

(3) that the replacement of an alkyl group by hydrogen on the side group 
increases interchain binding sufficiently to produce a crystalline compound 
in a-carboxypimelic acid and a hard resinous glass in the case of polyacrylic acid. 


z-Ray work on polymethyl acrylate vulcanized with sodium metasilicate 
showed that the long spacing (d,) increased on cure from 7.6 Ato 8.3 A. From 
the z-ray work on polyacrylic acid and a-carboxypimelic acid, the effect of 
hydrogen binding on the structure was found very important. In order to 
relate cross-bonding with hydrogen to structural changes in molecular order, 
polyacrylic acid was studied with various plasticizers. 

When polyacrylic acid is plasticized with water, there is a marked change 
in structure, the polymer becomes rubbery and the z-ray pattern (Figure 3) 
shows that the high degree of order in polyacrylic acid is broken down by the 
association of the side groups with water. The structures plasticized with 
alcohol are similar in x-ray pattern (Figures 4 and 5) to those of the acrylates, 
though they have no regular long interchain distance (d;). 2-Ray results on 
plasticized polyacrylate acid samples are shown in Table V. 

On heating the plasticized samples, all of the water and alcohol cannot be 
driven off. Although not a complete return to the polyacrylic acid structure 
is obtained, the samples become hard and brittle when the side chains are 
reassociated through hydrogen bonding. 
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TaBLe IV 


CoRRELATION BETWEEN THE SIDE Group SPACING d; 
AND THE CHAIN SPACING dz: 


Polyac-ylates Esters of pimelic acid 
di de di de 
(A) (A) (A) (A) 
Methyl 7.64 4.17 9.63 4.37 
Ethyl 9.13 4.27 10.18 4.37 
n-Propyl 10.25 4.37 10.80 4.37 
Isobutyl 11.53 4.68 
n-Butyl 12.40 4.56 12.20 4.47 
2-Ethylhexyl 14.10 4.56 


TABLE V 
X-Ray Resutts on Puiasticizep Potyacrytic Acip SAMPLES 


Corresponding 


462 4.37 
4.90 4.56 


dz (A) 
Plasticizer di (A) dz (A) Acrylates 
None 5.44 
Water — 5.24 
Methyl alcohol — 4.24 4.17 
Ethyl alcohol - 4.37 4.24 


Propy! alcohol 
Buty! alcohol 


A copolymer of 90 per cent methyl acrylate and 10 per cent acrylic acid was 
studied. This polymer is stiffer than uncured PMA. The long interchain 
spacing of the polymer is lower than PMA by 0.9 A, while the alcohol plasticized 
sample is higher than PMA by 1 A. z-Ray data in Table VI show the effect 


VI 


X-Ray Data SHow1ne THE Errect or 10 Per Cent Acrytic Acip 
oN ACRYLATE POLYMERS 


Sample di (A d: (A) 
PMA—Uncured 7.6 4.17 
PMA—Cured 8.4 4.17 
PMA—Plasticized with methyl alcohol 8.0 4.17 
MA-Acrylic acid (90/10) 6.7 4.17 
MA-Acrylic acid—plasticized with methyl alcohol 8.6 4.15 
MA-Acrylic acid—plasticized with ethyl alcohol 8.5 4.20 


of 10 per cent acrylic acid and the large change obtained when the polymer 
has taken up alcohol ; 

The alcohol plasticized copolymer agrees with cured PMA in d; spacing. 
The observed increase in spacing of PMA on cure is probably due to the 
presence of methyl alcohol in the sample. 

Ethyl acrylate shows no change in d, spacing on vulcanization. The 90/10 
copolymer of ethyl acrylate and acrylic acid showed a decrease in d, spacing 
from uncured PEA, but the plasticized samples did not change the d; spacing 
(Table VII). Since the PEA spacings are not sensitive to copolymerization 
with acrylic acid and subsequent plasticizer action as in PMA, it is evident 
that no large change should be observed in cured PEA samples. 

The change in side chain distance of polymethyl! acrylate on curing showed 
the cure to be related to a side chain reaction. The results with polyacrylic 
acid and copolymers of methyl acrylate and acrylic acid indicate that a cure 
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Polyisobuty! Acrylate 


9. 


Fias. 6 to 9.—z-Ray diffraction patterns of various polymers. 
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Tri n-Butyl ¥-Carboxy Pimelate 


Fias. 10 to 15.—Additional z-ray diffraction patterns of various polymers. 
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Tasie VII 


X-Ray Bawa SHOWING THE Errect oF 10 Per Cent Acrytic AcID 
on AcRYLATE POLYMERS 
Sample 
PEA—Uncured 
Ethyl acrylate-acrylic acid (90/10) 
Ethyl acrylate-acrylic acid—plasticized with water 


might result from side chain association through hydrogen bonding. Such a 
cure would be extremely sensitive to hydrolysis. 

The vuleanization would have to proceed first by hydrolysis, then be followed 
by association. Caustic or sodium metasilicate hydrate can be used as a 
hydrolyzing agent. The association can result by hydrogen bonding of the 
hydrolyzed side groups or by formation of a primary bond with lead oxide 
between side chains. Compounds which vuleanize by hydrolysis alone would 
be unstable against high humidity aging, since the association between side 
groups can be broken up by association of these groups with water. With lead 
oxide, a hydrolyzed structure is required, which would allow the lead oxide 
to form a primary lead bond between chains. The amount of lead oxide 
required for a good cure would depend on its effectiveness as a hydrolyzing 
agent. In view of the fact that larger quantities of lead oxide were used, it is 
probably not as effective a hydrolyzing agent as sodium metasilicate. Simi- 
larly, sodium metasilicate cured polyacrylates should be more sensitive to 
exposure in water than the lead oxide-cured polyacrylates. This supposition 
was shown experimentally to be valid. 


CONCLUSION 


Several characteristic features of the vulcanization of polyacrylates have 
been demonstrated. The fact that alcohol is formed and liberated during 
cure has been demonstrated ; this finding might favor a Claisen type condensa- 
tion. On the other hand, the fact that a copolymer of methyl acrylate and 
acrylic acid can be plasticized with aleohol and assumes a chain spacing 
comparable with that of cured polymethyl acrylate, whereas the uncured PMA 
and unplasticized copolymer are appreciably different in chain spacing, might 
favor a controlled hydrolysis and hydrogen association as the mechanism. 
The latter mechanism would be more compelling if the methyl acrylate/acrylic 
acid copolymer when alcohol plasticized showed other evidences of vuleaniza- 
tion, in situ, such as increased resistance to methylethyl ketone or reduced 
thermoplasticity in addition to increased rubberiness. 

Several different z-ray diffraction patterns are shown in Figures 6 to 15. 
Note the progression in spacing for the inner halo as the number of terminal 
carbons in the side chain increases. 

In comparing the pattern of a-carboxypimelic acid, a highly crystalline 
compound, with the patterns of the esters of the acid, we note the influence of 
hydrogen binding on the side chain association to produce a regular 3 di- 
mensional structure, while esterification with relatively unreacting alkyl 
groups decreases cross-bonding between chains so much that the structure 
assumes a liquid configuration similar to that of the various polyacrylates. 
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THE MECHANISM OF GELATION OF LATEXES * 


R. M. Panicu, K. A. KaLyanova, AND 8. 8. Voyutskit 


Lomonosov InstituTe oF Fine CuemicaL Tecunotocy, Moscow, USSR 


In recent years the preparation of latex products by gelation has attracted 
the attention of chemists and technologists concerned with the industrial use 
of latex. This process, which consists of heating latex with a gelling agent, is 
very simple and effective, and by it various products can be manufactured, 
including solid objects, thin-walled hollow objects, and cellular products. 

There are many patents! and articles? in which this procedure is described. 
However, the mechanism of gelation of latexes has been quite insufficiently 
investigated up to the present time. In the Soviet literature, questions relating 
to the mechanism of gelation have been discussed only by Dogadkin and 
Voyutzkii. Among foreign works should be noted the rather detailed study 
of van Nederven and Houwink’ and the article by Twiss and Amphlett‘, in 
which, however, the chemistry of gelation of natural latexes alone is discussed. 

In the work to be described, an attempt was made to explain the chemistry 
of the processes which occur during the gelation of synthetic latexes. The 
studies were made on experimental synthetic latex stabilized with ammonium 
naphthenate, which gives a tough coagulum and, in general, gives good results 
when applied to the manufacture of products by the gelation method. Zine 
oxide was used as the gelling agent, since it has found wide use in the gelation 
of natural latexes. 

According to contemporary views, the gelation of natural latex by zine oxide 
is the result of the formation of a zinc-ammonium latex containing ammonia. 

According to van Nederven and Houwink’, the reactions which take place 
in this case can be represented as follows: 


ZnO + H.0O & Zn(OH), = Zn** + 20H- (a) 
4NH,* + @ 4NH,OH 4NH; + 4H,0 (b) 
Zn*+ + 4NH; = (c) 


or, summarizing all the separate stages, 
Zn(OH). + 4NH,OH & + (d) 


Equation (a), which is the dissociation equation, is considerably displaced 
to the left. According to Kolthoff and Kameda, the concentration of zinc 
ions in the Zn(OH)». suspension at 25° C is 1 X 10-* gram-ions per liter. 
Thus, there is only a small number of zinc ions in solution, 7.e., a number quite 
insufficient for coagulation of the latex. Equation (b) is the equation of. 
equilibrium of NH,OH with NH,* and OH™ ions as well as with NH; and H,O0 
molecules. Equation (c) is considerably displaced to the right, since we may 
consider that the Zn(OH), is dissolved in a completely dissociated state, and 

* Translated for Rusper Cuemistry anp TecHNnoioey by Alan Davis from the Kolloidnyt Zhurnal, Vol. 
XII, No. 1, pages 50-61 (1950). 
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the constant of dissociation of the complex [Zn(NH;),]** ion according to 
Wijs is 9.8 X 10!° at 25° C. From this it follows that all the zinc ions dis- 
tributed according to Equation (a) react with the ammonia, forming, according 
to Equation (c), a complex zine compound. Consequently, as a result of the 
formation of [Zn(NH;),]**, reactions (a) and (b) are always displaced to the 
right. Since the zinc-ammonium compound dissolves much more easily in 
water than does zine oxide, in the presence of a sufficient quantity of ammonia 
the number of positively charged ions will increase as long as coagulation of the 
latex is possible. 

As for the actual mechanism of gelation of natural rubber by the zinc- 
ammonium compound, van Nederven and Houwink do not discuss this at all, 
and confine themselves to the observation that the zinc-ammonium ion stabil- 
izes latex because of the decreased electric charge of the rubber globules. 

The scheme.of van Nederven and Houwink was based largely on general 
considerations, and was not convincing experimentally, even for the gelation 
of natural latex. Besides this, there are vague points. For example, it is 
not clear why the zine ion does not coagulate the stabilizer immediately by 
forming an insoluble zine salt. Furthermore, this scheme does not answer 
the question whether the gelation of latexes will take place in the presence of 
zine oxide when ammonia is absent. Finally, it is not clear to what degree 
this scheme is applicable to the case of latex stabilized, not by albumin, but 
by soap, for example. 


EXPERIMENTAL PART 


EXPLANATION OF THE SOLUBILITY OF ZINC OXIDE IN SOLUTIONS 
OF AMMONIA AND SODIUM HYDROXIDE 


Since the serum of synthetic latexes usually contains ammonia or an alkali, 
it was of interest to determine the solubility of zinc oxide in solutions of these 
substances under conditions corresponding to the gelation process. 

In our experiments we measured the solubility of zine oxide in the following 
way. To 200 cc. of ammonium hydroxide of known concentration was added 
1 gram of powdered zine oxide, and the resulting suspension was allowed to 
stand 1 hour at 25° C. The residue was then filtered off, and the zine dissolved 
in the neutralized liquid was precipitated by heating with diammonium phos- 


TABLE 1 
So.LuBILITy oF Zinc OxIDE IN SOLUTIONS OF AMMONIA 


Concentration Concentration 
of ammonia of zine 
in g.-mole in g.-mole 
per liter 


phate. The precipitate of ZnNH,PO,-6H.O was washed first with a solution 
of diammonium phosphate and then with alcohol, and then was incinerated 
in a crucible. The resulting pyrophosphate, Zn2P:O7, was weighed, and the 
quantity of zine in solution was calculated from its weight. The results of 
these measurements, shown in Table 1, although lower than those in the data 
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0.00 6.5 0.00016 

0.15 10.9 0.00022 

0.86 11.5 0.00352 

1.47 11.8 0.00604 
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TABLE 2 
or Zinc OxipE IN Soprum HyproxipE SOLUTIONS 


Concentration Concentration 
of NaOH of zine 

in g.-mole in g.-mole 
per liter pH per liter 


0 6.5 
0.002 11.3 
0.08 11.9 
0.10 13.0 


of Kendall*, also indicate a great increase of solubility of zine oxide with 
increase of concentration of ammonia. 

The cause of the discrepancy between the data of Kendall and our own is 
probably that Kendall used freshly made hydrated zine oxide for solution, 
whereas we used commercial zine oxide. 

Experiments were, therefore, made with a view to measuring the solubility 
of zine oxide in sodium hydroxide solution of various concentrations. The 
data obtained, shown in Figure 2, indicate that zine oxide does not dissolve in 
aqueous solutions of sodium hydroxide having pH values corresponding to the 
pH values of latexes. 

In high concentrations of alkali, as is well known, zincates can form accord- 
ing to the reaction: 


ZnO + 2NaOH NaoZnO, + H,0. 


However, in this case the ZnO,.~~ ion is negatively charged and, therefore, 
can not cause coagulation of the stabilizing agent. Hence on the basis of these 
data we can assume that gelation of zine oxide can not take place in the absence 
of ammonia. We shall see later that this conclusion is confirmed by direct 
experiments. Since gelation usually takes place at elevated temperatures 
(50-70°), the effect of the temperature on the solubility of zine oxide is ex- 
plained. A solution of 1.09 NV ammonia of pH 11.6 was used. The time of 
solution of the zine oxide, as in the preceding experiments, was 1 hour. The 
data obtained are given in Table 3. 


TABLE 3 
So_uBiLity oF Zinc OxIpE IN SOLUTIONS AT VARIOUS TEMPERATURES 
Temperature Concentration of zine 
°C in mole per liter 


0.0045 
0.0041 
0.0041 


It is evident that a change of temperature within the range used for gelation 
has no noteworthy effect on the solubility of zine oxide. 

Finally we investigated the effect of ammonium nitrate on the solubility of 
zine oxide, inasmuch as the addition of ammonium salts to latex greatly 
accelerates gelation under the influence of zinc oxide. The results of the addi- 
tion of 12.5 and 75 grams of ammonium nitrate to 1 liter of 0.98 NV ammonium 
hydroxide in which 5 grams of zine oxide was dissolved are given in Table 4. 

Such a great increase of solubility of zinc oxide as a result of the addition 
of ammonium nitrate, despite the decreased pH value, can be explained by the 
fact that the presence in the system of the ammonium ion formed by dissociation 
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TABLE 4 


So.uBiLity oF Zinc OxIDE IN AMMONIA SOLUTION IN THE 
ABSENCE OF AMMONIUM NITRATE 


Quantity of NH«NOs Concentration of 
added to 1 liter of zine in g.-mole 
solution (grams) pH per liter 


0 11.6 0.0028 
12.5 10.3 0.0200 
75 9.7 0.0440 


of the nitrate salt has a negative effect on the ionization of ammonium hy- 
droxide into NH4* and OH,-, causing in turn dissociation of NH,OH into NH; 
and H,0. 


EXPLANATION OF THE ACTION OF THE ZINC-AMMONIUM ION 
ON STABILIZERS OF THE SOAP TYPE 


The mechanism of gelation of latexes by Zn-NH, ions, which form as a 
result of solution of zine oxide in the presence of ammonia, is not clear. In 
the most comprehensive work on gelation, van Nederven and Houwink refer 
only to the “discharging” action of the newly formed zinc-ammonium ions on 
the latex globules. The insufficiency of such a description is obvious. 

In the explanation of the mechanism of gelation of latexes under the in- 
fluence of the zinc-ammonium compound, it is of interest to study first of all 
the action of this compound on solutions of latex stabilizers alone. Since no 
purified salts of naphthenic acid were at our disposal, and since the mechanism 
of the action of the coagulating compound must be basically identical for all 
soaps, it seemed quite practical to study experimentally the action of zinc- 
ammonium ions on pure stabilizers with sodium oleate. 

The experiments were carried out in the following way. To 150 ce. of a 
2 per cent solution of sodium oleate (pH 11.3) were added first 0.5 gram of 
zine oxide and then 50 ce. of aqueous ammonia or sodium hydroxide; the alkali 
solutions were identical with ammonia solutions in normality and similar in 
pH value. In addition, special control experiments were carried out, replacing 
sodium oleate with water in order to preclude the action of soap. 

Each mixture was left for 72 hours in a glass cylinder, then 50 ee. of the 
liquid was carefully transferred with a pipette so as not to remove any of the 
residue, and the oleic acid and zine oxide contents were measured by con- 
ventional experimental methods. 

Table 5 gives the results of one experiment in this series (average of two 
reasonably similar measurements). 

Inspection of Table 5 leads us to the following conclusion. The quantity 
of zine dissolved in the mixture, which consisted of a solution of soap, zine 
oxide, and ammonia, is relatively large and increases directly with the con- 
centration of ammonia, apparently by the formation of zinc-ammonium ions. 

In the case of the mixture composed of a solution of soap, zine oxide, and 
alkali, the quantity of zine in solution, as expected, is very small in mixtures 
containing little alkali, whose pH value corresponds to that of ammonia 
mixtures, and increases with an increase of sodium hydroxide content. This 
is explained by the formation of zincates. 

In the case of mixtures composed of water, zinc oxide, and ammonia (or 
alkali), the same relationship of the solubility of the zine is observed. How- 
ever, it is important to note that in this case the solubility of zine oxide is 
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much lower. The absence of soap thus permits an increased zine content in 
solution, apparently as a result of the formation of zinc-ammonium soap. 
It is possible that the latter remains in solution, either because it possesses a 
certain solubility in an alkali medium or because it is stabilized by sodium 
oleate or hydroxyl ions, passes into the colloid state, and does not precipitate 
from solution. 

TABLE 5 


Action or Zinc-AMMONIUM IONS ON PURE STABILIZERS 


Concentration Concentration in 
of NH; precipitate 
or alkali — 
in mixture Oleic acid Zine 
(g.-moles pH of (gram per (gram per 
Ingredients of mixture per liter) mixture liter) liter) 


Soap solution + ZnO + NH; 0.74 142 0.045 0.0148 
1.85 11.8 0.050 0.0382 


Soap solution + ZnO + alkali 0.003 11.4 0.042 0.0072 
0.008 11.9 0.044 0.0068 

0.74 13.9 0.045 0.0107 

14.0 - 0.0551 


Soap solution + water (blank - 10.6 0.0404 

experiment without ZnO) 
Water + ZnO + NH; 11. 
11. 


Water + ZnO + alkali .00: 11.5 


11.9 
13.9 
14.0 


The quantity of oleic acid as measured in the remaining liquids is quite 
uniform and practically equal to the quantity of soap in the blank experiment. 
This also confirms that, when zinc oxide is added to a soap solution in the 
absence of ammonia, the zinc-ammonium salt of oleic acid which forms remains 
in solution. 

It is interesting to compare, in the data in Table 5 for the experiments on 
ammonium soap solutions, the total quantity of oleic acid with the quantity of 
acid combined with the zine in the form of zinc-ammonium salt and calculated 
according to the quantity of zine present in solution. The values are given 
in Table 6. 

TABLE 6 


Errect oF CONCENTRATION OF AMMONIA ON THE QUANTITY OF 
Overc CoMBINED WITH ZINC 


Total concentration Concentration of Concentration of 

Concentration of of oleic acid in oleic acid com- oleic acid present 
NH, in mixture mixture bined with zinc as NH<, oleate 

(g.-moles per liter) (g.-mole per liter) (g.-mole per liter) (g.-mole per liter) 


0.74 0.0404 0.0296 0.0108 
1.85 0.0404 0.0404 none 


For small concentrations of ammonia, only a part of the oleic acid is in 
solution as a zinc-ammonium salt. The rest of the acid is present in solution 
in the form of ammonium oleate, which in this case seems to fill the role of 
stabilizer, preventing the zinc-ammonium salt from precipitating from solution 
when it does not possess noteworthy solubility. 
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0.0078 
0.0236 
— 0.0003 

0.008 0.0009 
0.74 — 0.0072 
; 1.85 0.0469 
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With sufficiently large concentrations of ammonia, all the oleic acid is 
present in solution as a zinc-ammonium salt, since there is an excess of zinc 
in solution. In this case the hydroxyl ions present in large quantity in the 
system seem to serve as a stabilizing agent. 


EXPERIMENTAL VERIFICATION OF THE IMPOSSIBILITY OF GELATION 
OF SOAP-STABILIZED LATEXES BY ZINC OXIDE 


On the basis of the study of the solubility of zinc oxide in alkali solutions 
and the consequent explanation of the effect of soap on alkali solutions, it may 
be assumed that zine oxide can not cause gelation of latexes stabilized by soap 
in the absence of ammonia. It is interesting to confirm this hypothesis directly 
with latex mixtures. 

Since no latex prepared without ammonia was available, we used ammoni- 
ated latex in these experiments, first extracting all ammonia from it. To 
eliminate to the greatest extent possible the ammonia, and to assure the 
stability of the system, a certain minimal quantity of caustic soda was added 
to the latex before extraction of the ammonia. 

By the method described previously, a sample of latex containing 0.225 
gram-mole per liter of sodium hydroxide was prepared. At the same time a 
control specimen of latex was prepared, from which the ammonia had not 
been removed, but to which an equivalent amount of alkali had been added. 
Finally, in order to explain the effect of heat on gelation during the extraction 
of ammonia, a latex sample freed of ammonia, but into which the original 
quantity of ammonia had then been replaced, was prepared. 

All the latexes before gelation were brought to an identical pH value by 
HCl. These latexes were gelled by the usual method with zine oxide, 0.25 
gram of which was added to 10 cc. of latex. The zine oxide was added as a 
50 per cent paste, stabilized with casein. Gelation was completed at 25° C. 


TABLE 7 
GELATION TIME OF LATEXES 


Dry residue of 
Type of latex pH of mixture mixture (%) Gelation time 
Control 11.30 31.8 65 hours 
Without ammonia 11.35 32.6 No gelation in 8 days 
With added ammonia 11.4 31.8 65 hours 


The gelation time was measured by the so-called hooked rod method, whereby 
the mixture is considered to be gelled at the moment when it can be extracted 
from the test-tube with a glass hooked rod previously immersed in it. The 
results of the measurements of the time of gelation of all three latex samples 
are given in Table 7. It is seen that latex does not gel when zinc oxide is 
added in the absence of ammonia, and this confirms the hypothesis offered 
above. 


EFFECT OF FORMALDEHYDE ON GELATION 


The experiments show that the pH of the mixture has a strong influence 
on the rate of gelation of latex and the amount of gel obtained. However, 
regulation of the pH by ordinary acids is impossible in this case because of the 
lack of stability of these systems. For this reason, to decrease the pH of a 
latex, it is necessary to use either an acid with a low dissociation constant, 
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or some other substance which can combine with the ammonia and alkali 
present in the latex. 

The purpose of this investigation was to study the effect of formaldehyde 
on the gelation of latex. The results obtained have, of course, general sig- 
nificance, and give a number of valuable indications of the mechanism of 
gelation. It was also interesting to study the effect of the addition of formal- 
dehyde on gelation because, as we said, in the case of certain latexes, more or 
less satisfactory gels are obtained only by using a mixture of zine oxide and 
formaldehyde as gelling agent. 

It is known that the reaction between formaldehyde and ammonia or an 
ammonium salt proceeds with the formation of hexamethylenetetramine, 
according to the following equations: 


6CH.O + 4NH;— 6H.O 
6CH.O + 4NH,Cl— CyHieNs + 4HCl + 


In connection with the nonionic nature of the reaction, we may suppose that 
some time is necessary for formaldehyde and ammonia to combine. Conse- 
quently the first trial experiments were directed toward discovering the rate 
of this reaction. For this purpose 6 cc. of formaldehyde solution of varying 
concentration was added to each sample, which consisted of 20 ce. of 1.0 N 
aqueous ammonia, and the pH value of the liquid during a definite period of 
time after the preparation of the mixture was measured. 

The results are shown in Table 8. 


TABLE 8 
Rate or Reaction BETWEEN AMMONIA AND FORMALDEHYDE 


pH Mixture 


Concentration of Immediately ~~ After After After After 

formaldehyde in after prepar- 1 2 24 48 

solution (in %%) ation hour hours hours hours 
0.75 9.9 8.5 7.9 7.6 “| 
1.65 9.1 6.9 6.8 6.4 6.4 
2.55 8.2 6.9 6.5 6.4 6.4 


As seen in Table 9, the reaction between ammonia and formaldehyde, 
when the latter is low in concentration, does not cease even 24 hours after 
preparation of the mixture. This can always be expected during gelation in 
the presence of formaldehyde. 


TABLE 9 


SoLuBILity oF Zinc OxipE AND AMMONIA SOLUTIONS IN 
THE PRESENCE OF FORMALDEHYDE 


Contents of mixture in ec. pH of mixture Concentration 
immedaitely of zine in 
1.5 N solution 13% solution of after prepara- g.-mole per 
of ammonia formaldehyde Water tion liter 
150 4.25 45.75 10.8 0.0029 
150 45 5 5.7 0.0000 


In addition, experiments were carried out with a view to studying the 
solubility of zine oxide in ammonia solutions to which different quantities of 
13 per cent aqueous formaldehyde (having a pH value of 3.9) had been added. 
The zine which passed into solution was then measured gravimetrically. 
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As expected, solution of zine oxide takes place only if a small quantity of 
formaldehyde is added to an excess of free ammonia; this accords with the 
relatively high pH of the mixture. In high concentrations of formaldehyde, 
when the pH value is already below 7, zine oxide does not dissolve. 

Next, experiments were carried out for the purpose of determining the 
effect of the addition of formaldehyde alone on the gelation of latex stabilized 
with ammonium naphthenate. The experiments were made in the following 
way. To 20 ce. of latex containing 39.1 per cent of dry solids was added an 
equal quantity (6 cc.) of formaldehyde solution of equal concentration. Then 
the pH value was measured with a glass electrode, and the time of gelation of 
the mixture was measured at 25° C by the hooked rod method. 

The data obtained, in the form of pH-amount of formaldehyde and log of 
gelation time-amount of formaldehyde curves are shown in the figure. 


0.5 1.5 
Percentage concentration of 
formaldehyde in mixture 
Influence of the concentration of formaldehyde on the pH value and the rate of gelation of latex. 


. Log of gelation time (t) without zine oxide. 

. Log of gelation time (t) with zine oxide present. 
. pH value of mixture without zine oxide. 

. pH value of mixture with zine oxide present. 


As is seen in the figure, with an increase of the amount of formaldehyde 
added, the pH value of the mixture at first gradually decreases and then, from 
1.2 to 1.6 per cent formaldehyde, the decrease of the pH value becomes rapid. 
It would seem that, in this range of concentration, combination of ammonia 
and formaldehyde is complete. Even the maximum addition of formaldehyde 
caused only a slight change of pH; this can be attributed only to the increase of 
acidity of the mixture as a result of the addition of formaldehyde. 

As for the time of gelation, this decreases sharply at a concentration of 
formaldehyde represented by the steepest part of the curve of pH decrease. 
A further increase of formaldehyde content in the mixture causes practically 
instantaneous gelation. 

The cause of the gelation of latex brought about by the addition of formal- 
dehyde alone must be sought in the gradual destabilization of the system as a 
result of combination of ammonia with formaldehyde. According to our 
hypothesis, the formation of a gel can be caused by any chemical agent or 
physical agency whose action on the entire system is sufficiently slow and 
uniform for the globules, during destabilization, to adhere in individual clusters 
and form a two-phase gel. 
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After experiments in which different amounts of formaldehyde were added 
to latex, other experiments were carried out which were identical except that 
zine oxide as well as formaldehyde was added to the latex. In this case, 0.25 
gram of zinc oxide (as a 50 per cent paste) stabilized with casein, was added to 
samples of latex to which different proportions of formaldehyde had been 
added. The resulting pH values and times of gelation of the mixtures ob- 
tained at 25° C are shown in the diagram. 

As is evident, the addition of zine oxide has no appreciable effect on the 
pH of the mixture. On the other hand, the presence of zine oxide strongly 
affects the shape of the formaldehyde content-time of gelation curve. In the 
absence of formaldehyde, the addition of zine oxide to the latex mixture caused 
gelation in 40 minutes. 

The addition of small amounts of formaldehyde reduces greatly the time 
of gelation, 7.e., down to 7-8 minutes. This acceleration can be considered 
the effect of destabilization of the latex globules as a result of the decrease 
of pH, which, in the presence of a sufftcient number of zinc-ammonium ions, 
causes the more rapid formation of the gel. 

A higher proportion of formaldehyde neutralizes the mixture (the pH falls 
to 7) and, consequently, the disappearance of the zinc-ammonium ions from 
the system. The disappearance of these ions is directly reflected in a longer 
time of gelation. The fact that gelation nevertheless takes place eventually 
is explained, not by the action of the zinc-ammonium ions, but by the gradual 
union of the last traces of ammonia with the formaldehyde, the decreased pH 
of the system, and its destabilization as a result of the formation of naphthenic 
acid, which does not have any protective properties. 

With the highest percentage of formaldehyde, there is a further decrease 
of pH, and, consequently, more rapid gelation. However, with these quantities 
of formaldehyde, gelation, according to our observations, progresses to a state 
of coagulation because of the irregular destabilization of the globules. 


INTERPRETATION OF THE RESULTS 


The facts just described make possible the construction of a reasonably 
clear scheme of the reactions which take place during the addition of a gelling 
agent (zine oxide) to solutions of ammonia and alkali, to ammonia and alkali, 
soap solutions, and to ammonia or alkaline latex. We shall consider the 
reactions for each of these cases separately. 


REACTION TAKING PLACE ON ADDITION OF ZINC OXIDE TO SOLUTIONS 
OF CAUSTIC SODA AND AMMONIA 


The following reaction takes place on addition of zine oxide to a dilute 
solution of caustic soda: 


NaOH @ Na+ + OH- (1) 
ZnO + Zn(OH),.@ Znt++ + 20H- (2) 


Reaction (2) is displaced considerably to the left because of the presence 
in the system of the OH™ ion, which prevents dissociation of Zn(OH):. Thus, 
the zine oxide in dilute alkali solutions is hardly dissolved; this is directly 
confirmed by the experimental data (Tables 2 and 5). 
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As is known, zine oxide, on account of its amphoteric nature, can also 
react with NaOH, thus: 


Zn(OH), + 2NaOH & Na2ZnO, + 2H,O (3) 


However, as the data in Table 5 show, this reaction takes place only with 
a much higher concentration of alkali (about 0.5N or higher) and evidently 
with an active alkalinity of the medium corresponding to the pH of gelation 
of the latexes, it can not take place at all. 

The addition of zine oxide to aqueous ammonia is altogether different. 
Here the following reactions take place: 


4NH,* + 40H @ 4NH,OH @ 4NH; + 4H,0 (4) 
ZnO + H.0 Zn(OH), Zn*+ + (5) 
Zut++ + = [Zn(NHs)«]*+ (6) 


In this case the zine oxide is largely dissolved, and remains in solution in the 
form of the zine-ammonium complex ion. Solution takes place because 
Equation (5) is displaced far to the right as a result of the slight dissociation 
of the complex ion, as van Nederven and Houwink have shown. Our own 
experiments also confirm the high solubility of zine oxide in aqueous ammonia 
(Table 1). 

As for the effect of various other factors on the solubility of zine oxide in 
aqueous ammonia, we have shown that the most important of these factors is 
the presence of an ammonium salt in the system (Table 4). The introduction 
of the ammonium ion, despite its reducing the pH value of the system, increases 
the solubility of zine oxide because this ion prevents the ionization of am- 
monium hydroxide into NH,+ and OH~-, and consequently facilitates its 
dissociation into NH; and H.O, which in turn causes the formation of a zine- 
ammonium compound. On the other hand, on addition of formaldehyde the 
system decreases the solubility of the oxide (Table 9), since formaldehyde 
unites with ammonia, and a zinc-ammonium compound forms only in a 
minimum quantity. The temperature, according to the data in Table 3, has 
relatively little influence on the solubility of zinc oxide. This leads to the 
conclusion that an increase of temperature, which usually greatly accelerates 
gelation, does not influence the number of coagulating ions formed, but ac- 
celerates the process, either as a result of the reaction of the zinc-ammonium 
ions with the stabilizing agent, or the frequency of collision of the already 
destabilized globules with one another. 


REACTIONS TAKING PLACE AFTER THE ADDITION OF ZINC OXIDE 
TO ALKALINE AMMONIA SOAP SOLUTIONS 


Addition of zine oxide to alkaline solutions of soap results in the following 
reactions: 


NaOH Nat + OH- 
ZnO + Zn(OH),@ Zn** + 20H- 
RCOONa @ RCOO- + Nat 
Zn*++ + 2RCOO- & (RCOO).Zn 
(RCOO),Zn +_20H- = 2RCOO- + Zn(OH): 


(7) 4 

(8) 

(9) = 

(10) 
(11) 4 
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Reactions (7) and (8) are identical in that they take place when zinc oxide 
is added to aqueous sodium hydroxide. Reaction (10) takes place in an 
alkaline solution of soap, as is attested by the fact that, when zinc oxide is 
added to an alkali soap solution, a zine soap is formed. Our own experiments 
(Table 5) show this. However, reaction (10) does not proceed to completion, 
as would be supposed on the basis of the small solubility of zine soaps in water. 
Presumably the equilibrium of reaction (11) is displaced far to the right because 
of the presence of the hydroxyl ion, and part of the oleic acid will always 
remain in the system in the form of dissolved sodium oleate and solubilize 
previously formed insoluble soaps. 

The fact that the amount of zinc ion formed in a highly alkaline medium 
can be greater than the amount calculated from the amount of oleic acid in the 
system can be explained by the formation of zincates under these conditions. 

Addition of zine oxide to soap solutions containing ammonia leads to the 
following possible reactions: 


4NH,*++ + OH 4NH,OH 4NH; + (12) 
ZnO + H,0 Zn(OH),@ Zn*++ + 20H- (13) 
+ 4NH;< [Zn(NH3)<]** (14) 
RCOONH, @ RCOO- + NH,+ (15) 

Zn*++ + 2RCOO- (RCOO).Zn (16) 
(RCOO).Zn + 2RCOO- + Zn(OH), (17) 


(Zn(NH3)4]*+ + 2RCOO- (18) 


Reactions 12, 13, 14 are identical with reactions 4, 5, and 6, and take place 
on the addition of zine oxide to an ammonia solution. Furthermore, reaction 
12 is analogous to reaction 7, and reaction 13 is identical to reaction 8. Re- 
actions 15, 16, and 17 in ammonia soap solution are analogous to reactions 
9, 10, and 11 in alkaline solution. 

Besides the reactions analogous to those which take place in alkaline soap 
solutions, reaction 18, which is very important to an understanding of the 
mechanism of gelation, also takes place in ammonia solutions and to some 
degree it is analogous to reactions 10 and 16. The equilibrium in the case of 
reaction 8 will be shifted to the right, since it is quite natural to assume that 
the (RCOO).{Zn(NH3)4] compound is similar to (RCOO).Zn and _ possesses 
low solubility. It should be noted that the presence of the hydroxyl ion, 
which shifts the equilibrium of the analogous reaction 10 considerably to the 
right because of the concomitant reaction 11, can not in the case of reaction 17 
have such an effect, since during the reaction between [Zn(NHs3)4]** and 
20H ~, no insoluble compound is formed. Thus the series of reactions 12 to 18 
in the last analysis inevitably leads to the formation of an insoluble or only 
slightly soluble compound, 

However, the presence of hydroxyl] ions in the solution can cause peptization 
of the residue, which in this case is of a colloid nature. Our experiments have 
shown that, even in the presence of an excess of zine ions, in solution at suffi- 
ciently high pH values, no separation of insoluble soap from the system takes 
place (Tables 5 and 6). 

Inasmuch as, according to the experimental data, gelation takes place 
under these conditions, it is necessary to assume that such a colloid zine soap, 
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in distinction to ammonium or sodium soaps, does not prevent cohesion of the 
globules and consequent formation of a spatial network. 


MECHANISM OF GELATION DURING ADDITION OF ZINC OXIDE 
TO AMMONIATED LATEX 


As we have said, van Nederven and Houwink do not consider the mechanism 
of destabilization of latex by the zinc-ammonium compound, but confine 
themselves to the observation that this compound causes coagulation of latex. 
However, on the basis of conventional colloid-chemical concepts, it is reason- 
able to assume that the destabilization of latex particles is caused in this 
case by compression of the surrounding layer of diffused cations by the zinc- 
ammonium ions present in the interglobular liquid, and subsequent decrease 
of the electrokinetic potential to values below the critical values. Such a 
theory makes possible an answer to the question posed by van Nederven and 
Houwink, why gelation does not take place under the influence of the Zn** ion 
which forms as a result of dissociation of Zn(OH)2, but does take place under 
the influence of the [Zn(NH;)4]** ion. Because of the low dissociation con- 
stant of Zn(OH)s, the number of Zn** ions in solution is so small that they 
are utterly incapable of appreciably changing the electrokinetic potential of the 
globules. On the basis of what was said earlier, it follows that the number of 
[Zn(NH3)4]** ions in the system can be large enough to cause a decrease of 
the electrokinetic potential sufficient for gelation. 

Furthermore, besides this strictly colloidal hypothesis, the mechanism of 
gelation by zinc-ammonium ions of latexes stabilized by soaps can also be 
interpreted from a chemical viewpoint. 

It appears that, in the case of the addition of zine oxide to ammoniated 
latex, the same reactions (12-18) take place which were observed after addition 
of zinc oxide to ammonium soap solutions. The zinc-ammonium soap which 
is formed from the ammonium soap adsorbed on the surface of the globules 
as a result of these reactions has no stabilizing properties and, consequently, 
the latex globules lose their stability. The formation of zinc-ammonium soap 
is gradual and besides, as indicated above, this soap may be in a colloid form. 
This causes uniform and slow destabilization of the globules, and this brings 
the system, not to the point of coagulation, but only to the state of gelation. 
The presence of stabilizing hydroxy] ions in the system also retards the process. 
When their concentration is very high, gelation is greatly retarded, or even 
ceases. The retardation of gelation at high pH values, caused by the addition 
to ammoniated latex of a large amount of alkali, can be explained on the basis 
that the alkali removes ammonium ions from the solution and, consequently, 
decreases the solubility of zine oxide’. 

The data of Wren® agree completely with the views offered here concerning 
the mechanism of gelation of ammoniated latexes, and shows that zine, added 
to latex in the form of zine oxide, is partially eliminated from the serum and 
unites with the rubber globules. 

It is quite clear that, in accord with the views expressed, in mediums where 
no ammonium ions are present, gelation under the influence of zine oxide can 
not take place, since the complex [Zn(NH;),]** ion can not form under these 
conditions. This is also confirmed by our experiments on latexes from which 
ammonia had been expelled (Table 7). 

In the light of this knowledge of the mechanism of gelation of latexes, 
the influence of the pH of the medium on the nature and rate of gelation be- 
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comes quite clear. At high pH values, even if all the stabilizer has been 
converted into zinc-ammonium soap, because of the high concentration of 
hydroxy! ions, the latex globules are relatively stable, and do not adhere to one 
another or form spatial structures. At low pH values, destabilization takes 
place, and the system gels. However, at pH values of 8-8.5 (see the figure), 
together with the sharp decrease of concentration of the destabilized zinc- 
ammonium ion, gelation again is somewhat retarded; finally, at still lower pH 
values it is accelerated, and even coagulation may take place. 


SUMMARY 


1. The solubility of zine oxide in ammonia and sodium hydroxide solutions 
was studied. In this case the presence of an ammonium salt in the system 
has a strong influence, and increases the solubility of zine oxide, because the 
ammonium ion inhibits dissociation of ammonium hydroxide into NH,t+ 
and OH™ ions, and thus aids the formation of complex zinc-ammonium ions. 
We established that, in the 0-60° range, the temperature has little effect on 
the solubility of zine oxide in aqueous ammonia. 

2. The action of the zinc-ammonium ion on solutions of stabilizers of the 
soap type is explained, and it is shown that. at sufficiently high alkalinity, 
zinc-ammonium soaps do not precipitate from solution, but remain in a colloid 
state, stabilized by the alkaline soap or hydroxyl ion. 

3. It is established that, in the absence of the ammonium ion, zine oxide 
does not cause gelation of latexes stabilized by soaps. 

4. The effect of formaldehyde on the gelation of latexes stabilized with 
soaps has been studied. 

5. The reactions which can take place when zinc oxide is added to ammonia 
and alkali solutions, to ammonium and alkaline soap solutions, and to am- 
moniated and non-ammoniated latexes are discussed. A scheme of successive 
reactions which must take place during the gelation of latexes stabilized with 
soaps is presented. 
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CHLORINATED RUBBER FROM LATEX * 


G. J. VAN AMERONGEN 


Derr, Toe NeTHERLANDS 


Chlorinated rubber is commonly produced by treating a dilute solution of 
rubber with chlorine’. However, there is a fundamentally different method of 
chlorination, by which natural rubber in latex is chlorinated. A serious draw- 
back to the method is the evolution of hydrochloric acid during chlorination, 
which causes the latex to coagulate. In trying to overcome this difficulty, 
various treatments of the latex have been suggested, e.g., strong dilution’, mix- 
ing with kieselguhr and drying to a powder’, addition of bases‘, vuleanization®, 
or the addition of certain stabilizers®. A more roundabout way is to add sodium 
chlorate, instead of gaseous chlorine, to a stabilized latex provided with hydro- 
chloric acid’, whereby the reaction between sodium chlorate and hydrochloric 
acid generates chlorine in situ. 

The fact that chlorine forms a hypochlorite solution in a neutral or basic 
medium with water results in considerable hypochlorination of the rubber, 
which is noticeable by the oxygen content of the chlorinated rubber‘. One 
adverse effect of this hypochlorination is the lowering of the thermal stability 
of the product of chlorination’. 

In this paper the author describes a comparatively simple method for the 


production of chlorinated rubber by the chlorination of strongly acid latex of 
natural rubber, synthetic rubber, or rubber hydrochloride, using cationogenic 
or neutral emulsifiers. 


PRODUCTION OF ACID LATEX 


The hypochlorinating side reaction likely to occur in chlorination in an 
aqueous medium depends on the following conversion of chlorine’: 


Cl. + OH- HOCI + Cl- 


When the solution becomes more basic, more hypochlorite is formed as a result 
of a shift of the equilibrium to the right. Conversely, the equilibrium may be 
expected to shift to the left on the addition of hydrogen or chlorine ions. Con- 
sequently, the formation of hypochlorite can be prevented by the simple ex- 
pedient of adding an excess quantity of these ions to the aqueous solution, e.g., 
in the form of hydrochloric acid. 

Normally, Hevea latex is stable only in a basic medium. The addition of 
an emulsifier is needed to make it stable in an acid medium. Although there 
is a wide choice of emulsifiers, the best for the purpose are the nonionogenic of 
the octadecenyl alcohol-polyethylene oxide (Emulphor O) type, 2 per cent of 
which, relative to the rubber, is added to the latex. Certain cationogenic 
emulsifiers, such as cetyldimethylethylammonium bromide (Ethylcetab), 
cetyltrimethylammonium bromide (Vulcastab TM), and cetyl or tetradecyl- 

* Reprinted from Industrial and Engineering Chemistry, Vol. 43, No. 11, pages 2535-2540, November 
1951. his paper represents Communication No. 131 of the Rubber Foundation, Delft, Netherlands. 
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pyridinium bromide (Fixanol C or VR), are also excellent in amounts of 3 to 5 
per cent relative to the rubber. There are several stabilizers, like Sapamine, 
Igepon T, and Carvan, which can be used only in very dilute latex. 

The time needed by a Hamilton-Beach stirrer to bring about the coagulation 
of 50 ec. of the latex at 25° C provides a good test for the stability of latex'®. 
Figure 1 illustrates the course of this stirring time as a function of the ammonia 
or acid content. In this case, ordinary commercial Hevea latex, diluted to 30 
per cent rubber concentration and provided with 0.2 per cent of ammonia, is 
stable for 10 minutes of stirring. As acid is added, this stability decreases until 
coagulation takes place spontaneously. But this coagulation can be pre- 
vented by the incorporation of a cationogenic or neutral emulsifier, although 
the latex will have lost much of its stability. It is a curious fact, however, that 


30% Latex + NH, 

O 30% Latex +HC!I + 2% Emulphor O 
50% Latex +HCI +2% Emulphor O 
X 30% Latex +HCl Ethy! cetab 
B = 30% Latex+ H,S0, +2% Emulphor O 


stability, se 


Foaming«. 


° 
E 

— 


4 6 10 12 4 16 


D a. gram equivalent of acid per liter of latex water phase 


Fig. 1,—Effect of ammonia or acid content on mechanical stability of Hevea latex. 


at higher acidities (above approximately 6 N relative to the water phase) the 
stability of the latex again begins to increase considerably. This phenomenon 
could be explained by supposing that at these higher acidities reversal of charge 
reinvests the naturally occurring proteins with stabilizing power which is then 
added to that of the emulsifier. In the case of the etherlike Emulphor 0, it 
might, moreover, be assumed that, together with hydrochloric acid, it forms an 
oxonium complex compound which is more effective than Emulphor O itself. 
Stability determinations could not be made with Fixanol as the emulsifier be- 
cause of foaming. 

It is clear from Figure 1 that, in order to secure maximum stability, the 
latex should at once be acidified strongly. The easiest way to do this is to add 
some concentrated hydrochloric acid to the latex in which an emulsifier has 
been incorporated and then to introduce gaseous hydrochloric acid into it. 
Complete saturation with hydrochloric acid should be avoided because this 
would ultimately lead to the formation of rubber hydrochloride. Sulfuric acid 
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can be used instead of hydrochloric acid ; however, very high concentrations of 
sulfuric acid should he avoided because otherwise the rubber might cyclize. 


PREPARATION OF CHLORINATED RUBBER FROM LATEX 


Latex can now be chlorinated by passing gaseous chlorine through it at a 
given temperature after it has been strongly acidified, as described in the pre- 
ceding section. As a result of the substitutive reaction of chlorine with the 
rubber, considerable amounts of hydrochloric acid are evolved during the chlor- 
ination, which help to increase the stability of the latex. On the other hand, 
an emulsifier like Emulphor O is itself subject to chlorination, to the detriment 
of the stability of the latex. Nevertheless, a stable chlorinated rubber latex 
always results from the technique described, provided it is applied at moderate 
temperature. The chlorinated rubber can be isolated by precipitation with 
methanol, or by gently warming the latex while adding sodium chloride. Usu- 
ally the dry product is a finely divided white powder. 

A few typical chlorination experiments are illustrated in Table I. The 
recorded volume and concentration of latex are the volume and the rubber 


TABLE 


CHLORINATION OF LATEX WITH GASEOUS CHLORINE 


: % chlo 
Time Temp. rine in 


Latex 


40% Hevea latex 
40% Hevea latex 


45% deproteinized Hevea 


latex 
40°% Hevea latex 
10% Hevea latex 


Stabilizer 
2% Emulphor O 
2% Emulphor O 


2% Emulphor O 


2% Emulphor O 


5% Fixonal C 


(hours) (° C) product 


14 —15 
16 0 


5% Vulcastab TM 

2% Emulphor O 

2% Emulphor O 

37% 

3% Ethyleetab 
90 ml. H,SO, 2% Emulphor O 
170 ml. H,SO, 2% Emulphor O 
Coned. HCl 4% Emulphor O 
Coned. HCl 4% Emulphor O 
Coned. HCl 5% Ethylcetab 15 


30°% Hevea latex 

55% Hevea latex 

30% Hevea latex 

30° Hevea latex 

30°% Hevea latex 

40% Hevea latex 

30°% Hevea latex 

40% Neoprene latex 
40% Hycar OR-25 latex 
40% GR-S 62:38 latex 


The acidity of the latex was never less than 6 
N, and in the majority of the experiments it was almost saturated with acid by 


content of the acidified latex. 


the introduction of gaseous hydrochloric acid. Starting from Hevea latex, the 
highest chlorine content obtained is 61 per cent (determined by the Carius 
method). 

The time of reaction depends very much on the rate at which the chlorine 
is injected relative to the quantity of rubber in the latex. Figure 2 gives an 
example of a typical course of reaction. It is generally advisable to chlorinate 
as rapidly as possible so as to avoid, or reduce to the minimum, hydrochloric 
acid addition as a side reaction. The reaction temperature may vary consider- 
ably without affecting the chlorine content or rate of reaction in any marked 
degree. Apparently the normal acceleration of the reaction resulting from 
elevation of temperature is held in check by reduced chlorine solubility. It 
was found, for instance, that at 50° C only 0.25 gram of chlorine dissolves in 
100 grams of 12 N hydrochloric acid, as against 0.9 gram at 0° C, 


CC. of | 

100 Coned. HCl 61.0 a 

200 Coned. HCl 25 0 60.5 4 

2000 Coned. HCl 50 «60.5 

100 Coned. HCl Po 4 20 58.0 mi! 

100 20 56.0 

100 20 61.0 

100 40 55.5 

100 70 60.5 

100 90 58.0 7 

340 20 55.5 oy 

400 20 61.0 4 

50 20 48.0 

50 0 41.0 4 

100 20 38.5 4 
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Products manufactured at temperatures below 10° C and containing more 
than 48 per cent of chlorine are usually soluble in chloroform. The intrinsic 
viscosity [7], of this soluble chlorinated rubber is fairly high, amounting to 1 
to 1.5 as measured in chloroform at 25° C. This soluble chlorinated rubber 
becomes insoluble when heated or if kept at room temperature for a consider- 
able length of time, and the lower the chlorine content, the sooner this will 
happen. Evidently cross-linking reactions take place very easily between the 
chlorinated rubber molecules. 


Oo 
8 9 


5 20 2 30 
Time of reaction in hours 


— Chiorine content 


Fig. 2.—Rate of chlorination at 0° C of 200 cc. of 45 per cent deproteinized Hevea latex. Hevea 
latex was acidified with hydrochloric acid and stabilized with 2 per cent Emulphor O. 


Slow chlorination at elevated temperature, e.g., above 50° C, produces pro- 
nounced brown discoloration of the latex, which points to cyclization or re- 
actions in which hydrochloric acid is split off. As a result, the reaction some- 
times comes to a standstill when the chlorine content of the chlorinated rubber 
is about 50 per cent. The product is insoluble in that case. 

Synthetic rubber latexes, such as of Neoprene, GR-S ,and Hycar OR, are 
likewise amenable to chlorination, but, owing to the fact that GR-S and Hycar 
OR in themselves contain a substantial percentage of groups highly resistant 
to chlorination, the ultimate chlorine content of the products obtained from 
them is lower. It is also known that polyvinyl chloride in the form of latex can 
be chlorinated". 

Although there is a greater tendency towards cyclization at the higher 
degrees of acidity, the use of sulfuric acid instead of hydrochloric acid to acidify 
the latex has otherwise no adverse influence on the chlorination reaction. 


ANALYSIS OF SOME REACTION PRODUCTS 


The products of some typical reactions were subjected to an elementary 
analysis for the indirect determination of the oxygen content. In experiments 
1 to 4 of Table II, the degree of acidity was varied; in experiment 5, a latex of 
low protein content was used; in experiment 6, sulfuric acid was used instead 
of hydrochloric acid. At low acidities coagulation can be prevented by strongly 
diluting the latex and by the generous addition of stabilizer. It is clear from 
the experiments that at least 2 V hydrochloric acid is required if one wishes to 
obtain products with little oxygen. 

Products of low nitrogen content can be obtained by using latex poor in 
protein, prepared by centrifuging, or creaming of, ordinary latex. The source 
of this nitrogen content consists of natural, nonrubber components, such as 
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TABLE II 
ANALYSIS OF SOME OF THE CHLORINATION PRODUCTS 
(Experiments with 100 ml. of Hevea latex) 


Conen. of 
acid/liter Time 
latex of re- Analysis of product 
latex Stabilizer concn. (gram- action Temp., A” 
Expt.(%) ealed. on rubber equiv.) (hours) (° C) %Cc 
20% Fixanol C 0.5 HCl a 40.0 
10% Fixanol C 1 HCl ry 39.8 
10% Fixanol C 2 HCl 7 38.0 
3% Ethyleetab 8 HCl 37 35.9 
2% EmulphorO 8 HCl 20 41.2 
2% EmulphorO 6H,SO, 20 36.5 


ou 
ON 


proteins and amines, of the latex. These nitrogenous constituents can be 
detrimental to the chemical stability of the chlorinated rubber and to the trans- 
parency of films made of this material *. Experiment 6 shows that a product 
virtually free from oxygen can also be obtained if sulfuric acid is used. 


CHLORINATION OF RUBBER HYDROCHLORIDE IN LATEX 


The chlorination of rubber hydrochloride in solution produces chlorinated 
rubbers which, in stability, compare favorably with the chlorinated products of 
rubber. Van Veersen™ has described a method for producing a rubber hydro- 
chloride latex by the hydrochlorination of rubber in latex. The present author 
has tried to chlorinate rubber hydrochloride in this form of latex by passing 
chlorine into this latex directly after rubber hydrochloride has been formed so 
that the latex should be saturated with hydrochloric acid. Some of the results 
are given in Table III. The material is far less tractable to chlorination than 
is rubber latex or rubber hydrochloride in solution. Radiation, especially with 
ultraviolet light, catalyzes the reaction strongly. As will be shown later, pro- 


TABLE III 


CHLORINATION OF RuBBER HYDROCHLORIDE IN LaTex (100 cc., 
30 Per CENT) witH GASEOUS CHLORINE 
Chlorine 
content 
of rubber 
hydro- % chlo- 
chloride Conditions of Time Temp. rine in 
(%) chlorination (hours) (°C) product 
31.5 —10 37.5 
31.5 34.0 
32.5 33.5 


32.5 37.0 
27.5 Daylight 20 45.0 
27.5 Daylight 50.5 


29.0 Daylight 42.5 
32.5 Daylight 38.0 


32.5 Daylight 42.5 


31.5 100-Watt electric light 45.0 
32.5 100-Watt electric light 39.5 
32.5 Ultraviolet light 51.5 


32.5 Ultraviolet light 55.0 
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ducts containing 50 to 55 per cent of chlorine obtained by the chlorination of 
rubber hydrochloride latex are more stable than the products of the chlorination 
of Hevea latex of the same chlorine content. 


AFTERCHLORINATION OF CHLORINATED RUBBER LATEX 


Because, as a rule, the chemical stability of chlorinated rubbers improves 
with increasing chlorine content, it was decided to raise the chlorine content of 
the latex chlorinated rubber, now at 61 per cent, to at least 65 per cent, which 
is the chlorine content of the commercial product prepared in solution. 

The first attempt was aimed at swelling the chlorinated rubber latex parti- 
cles with the aid of a swelling agent emulsion so that the chlorine could more 
easily penetrate to the interior of the latex globules and there induce readier 
reaction. The procedure was first to emulsify the swelling agent (carbon tetra- 
chloride) in water with 2 per cent of Emulphor O, after which a given quantity 
was added to the chlorinated rubber latex. After allowing 1 day for swelling, 
chlorination was begun. The swollen latexes have a great tendency to coagu- 
late and this often imposes a limitation upon the time of chlorination. Table 
IV shows that the results represent only a moderate increase in chlorine con- 
tent. 


TaBLe IV 
AFTERCHLORINATION OF SWOLLEN CHLORINATED RUBBER IN LATEX 

% chlo- 

rine in Swelling % chlo- 
starting in CCl Time Temp. rine in 
material (wt.-%) (hours) (*° C) product 
53.5 80 9 20 61.0 
53.5 160 14 0 63.0 
57.5 50 21 20 61.0 
57.5 100 20 20 61.0 
57.5 300 8 20 63.5 


A better way is to afterchlorinate the latex under pressure, especially with 
liquid chlorine (Table V). These experiments were carried out in Carius 
tubes. The products obtained contain 65 to 70 per cent of chlorine and virtu- 
ally no oxygen. Starting from a latex of chlorinated rubber of 58 to 60 per 
cent chlorine content, products of low intrinsic viscosity are obtained. The 


TABLE V 
AFTERCHLORINATION OF CHLORINATED RuBBER LATEX WITH LIQUID CHLORINE 
(Experiments with 10 cc. of latex and 5 ce of liquid chlorine.) 


© chlo- 
rine = % chlo- 
Conen. of starting Time Temp. rine in [n] in 
latex material (hours) (°C) product CHCls 
30 48.5 3 50 64.0 Insol. 
30 48.5 6 70 66.5 Insol. 
30 48.5 19 7 66.0 Insol. 
30 48.5 3 100 69.0 Insol. 
30 54.0 2 70 68.0 Insol. 
30 57.5 2 40 68.0 0.75 
10 59.0 47 20 63.5 0.50 
10 59.0 6 50 65.0 0.32 
10 59.0 47 50 68.5 0.14 
10 59.0 3 70 66.0 0.23 
10 59.0 3 100 70.0 0.09 
30 60.5 6 70 67.0 0.08 
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intrinsic viscosity [y] = (nsp/c)emo was determined at 25° C, c being the con- 
centration in grams per 100 ec. and ns», the specific viscosity. This intrinsic 
viscosity generally decreases as the chlorine content of the product increases. 
Apparently appreciable chlorinolysis takes place under these experimental — 
conditions, viz., chain breakdown brought about by the chlorine. Liquid 
chlorine has the objectionable effect of coagulating the latex, due to the fact 
that the chlorinated rubber particles swollen with chlorine are strongly inclined 
tocohere. Although the addition of an emulsifier impedes such coagulation to 
some extent, it does not prevent it. When the reaction is completed, the 
chlorine can be vaporized and the chlorinated rubber coagulate readily pulver- 
ized. If this method were employed on a manufacturing scale, acid-resisting 
stirring autoclaves, e.g., glass-lined, would have to be used. The pressure de- 
veloped depends on the temperature and is of the order of 20 atmospheres. 

Not only rubber hydrochloride latex, but also chlorinated GR-S, Neoprene, 
and Hyear OR latex can be afterchlorinated with liquid chlorine, as shown in 
Table VI. The products of synthetic latexes are insoluble. 


TaBLE VI 


CHLORINATION OF RUBBER HYDROCHLORIDE AND CHLORINATED SYNTHETIC 
RvuBBERS IN LATEX WITH LiQuID CHLORINE 
(Experiments with 10 cc. of latex and 5 ec. of liquid chlorine) 
%, chlo- 
rine in % chlo- 


: Conen. of starting Time Temp. rine in 
Latex latex (%) material (hours) (*C) product 


Rubber hydrochloride 
Rubber hydrochloride 
Chlorinated Neoprene 
Chlorinated Neoprene 
Chlorinated Hycar OR-25 
Chlorinated Hycar OR-25 
Chlorinated GR-S 


100 
50 


6 
6 
6 
6 
4 
6 
4 


AFTERCHLORINATION OF DRY LATEX-CHLORINATED RUBBER 


An alternative starting material for the preparation of products of higher 
chlorine content is dry chlorinated rubber as isolated from chlorinated rubber 
latex. After dissolving or swelling in carbon tetrachloride, these chlorinated 
rubbers can be further chlorinated with gaseous chlorine. 


TaBLE VII 
AFTERCHLORINATION OF LATEX—CHLORINATED RUBBER IN CARBON TETRACHLORIDE 
SoLuTION wiTH GASEOUS CHLORINE IN DAYLIGHT 
% chlo- 
rine in Concn. of % chlo- 


starting solution Time Temp. rine in 
material (%) (hours) (°C) product 


10 
20 


The evidence of Table VII is that chlorinated rubber containing approxi- 
mately 65 per cent of chlorine can, in fact, be obtained in this way. During 
chlorination in solution, the chlorinated rubber molecules break down more or 
less, as a result of which latex-chlorinated rubbers which are not completely 
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25 32.5 70 63.0 | “9 

25 32.5 100 65.5 | a 

10 56.0 50 68.5 

10 56.0 100 73.0 4 

15 41.0 60 43.0 | 

15 41.0 54.5 

15 40.0 52.0 : 
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60.0 5 4 20 - 64.5 0.52 i 

60.0 5 7 50 64.5 0.47 “ 

60.0 5 6 70 65.5 Insol. Ss 

56.5 4 70 66.0 0.33 

56.5 4 70 65.5 0.33 4 
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soluble can yield soluble products. This breakdown can be increased by radi- 
ation during the chlorination. 

A very effective method of afterchlorinating latex-chlorinated rubber is to 
treat it with liquid chlorine in an autoclave, as is evident from the results re- 
corded In Table VIII. It appears that latex-chlorinated rubber reacts very 


TABLE VIII 


AFTERCHLORINATION OF CHLORINATED RUBBER FROM 
LaTex Liquip CHLORINE 


Amount 
of chlor- % chlo- Amount 

inated rine in of liquid 

rubber starting chlorine Time 
(grams) material (cc.) (hours): 


0.5 44.5 


5 

47.5 5 
47.5 5 
49.0 5 
54.5 5 
56.0 5 
56.0 10 
10 

10 

60 


57.0 
59.0 
60.5 


readily with liquid chlorine to form products containing about 70 per cent of 
chlorine. The solubility of these products varies a good deal. If the charge 
is heated too quickly or is in itself strongly insoluble, the resulting products are 
insoluble. In the majority of cases, however, chain breakdown through chlo- 
rinolysis leads to satisfactorily soluble products, often of very low intrinsic vis- 
cosity. An important precaution is to mix the liquid chlorine homogeneously 
with the latex-chlorinated rubber powder in advance. 

The treatment of rubber itself with liquid chlorine is likewise known to 
lead to chlorinated rubbers of about 70 per cent chlorine content. The 
thermal decomposition which usually accompanies it can now be obviated by 
carrying out that part of the chlorination which involves considerable evolution 
of heat in latex with gaseous chlorine. 

Rubber hydrochloride likewise can be chlorinated with liquid chlorine to 
products of roughly 70 per cent chlorine content, although one has to work 
very carefully in this case to avoid thermal decomposition. The afterchlorina- 
tion of latex-chlorinated synthetic rubbers with liquid chlorine sometimes leads 
to products of only medium chlorine contents (Table IX). This is due to the 
presence of organic groups (CN and phenyl) which react with difficulty or not 
at all under the conditions employed. 


TaBLe IX 


AFTERCHLORINATION OF RUBBER HypROCHLORIDE AND LATEX—CHLORINATED 
SynTHETIC RUBBER WITH LIQUID CHLORINE 


% chlo- Amount 
rine in of liquid 
Grams of starting chlorine Time Temp. % chlorine in 
Material material material (ec.) (hours) (°C) product 


Rubber hydrochloride 
Rubber hydrochloride 
Rubber hydrochloride 
Rubber hydrochloride 
Chlorinated Hycar OR-25 
Chlorinated GR-S 
Chlorinated Neoprene 


* (°C) product CHCl 
70 70.0 Insol. 
70 72.0 0.012 
135 74.0 0.003 
70 66.0 Insol. 
eee 100 72.5 0.01 

135 71.5 0.02 

100 72.5 0.26 

120 71.5 0.21 

100 68.0 0.42 

ee 3 100 70.5 0.34 

ae 05 320 10 4 70 64.5 
fae 0.5 32.0 50 7 120 Decomposed 
ee 0.5 32.0 10 4 120 68.0 
0.5 32.0 10 4 140 72.0 
oS 0.5 41.0 10 4 70 48.0 
Be, 0.5 40.0 10 4 70 50.5 
aes 0.5 56.0 10 4 70 71.0 
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CHEMICAL STABILITY 


The latex-chlorinated rubbers were subjected to three tests for chemical 
stability. 


1. In the aniline test", 0.1 to 0.2 gram of chlorinated rubber is heated with 
4 cc. of purified aniline in a sealed tube for 17 hours at 100° C. The contents 
of the tube are subsequently rinsed in a beaker with dilute (1 to 1) nitric acid 
and a given amount of a 0.1 N silver nitrate solution is added. The dyestuffs 
formed from aniline are removed with charcoal and the filtered solution is 
titrated according to the Volhard method. 

2. In the water test, 1 gram of chlorinated rubber is moistened with 1 ce. 
of ethyl alcohol and then is heated with 25 cc. of water for 17 hours at 100° C 
in a closed tube. 

3. In the dry heating test (called dry test in Figure 3), the material is 
heated to 100° C for 24 hours in a current of nitrogen. 


In all three tests the quantity of chlorine split off in the form of hydrochloric 
acid is determined analytically. This splitting off is perceptible by discolora- 
tion of the white chlorinated rubber via yellow to dark brown which, it may be 
assumed, is due to the formation of conjugated double bonds". 
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&% Chlorine in chlorinated rubber 
Fie. 3.—Chemical stability of chlorinated rubber from Hevea latex. 


Figure 3 shows that up to 60 per cent of chlorine the evidence of the three 
tests as to the stability of the chlorinated rubber is virtually identical. This 
stability increases with increasing chlorine content. The products containing 
more than 60 per cent of chlorine, obtained by afterchlorination with liquid 
chlorine, exhibit a sharply defined minimum decomposition in the aniline test 
at a 65 per cent chlorine content. In the water test, however, the stability 
scarcely decreases as a result of increasing the chlorine content above 65 per 
cent. The applied dry heating test does not produce accurate values with these 
stable products. 

In Figure 4 the reactivity, as shown by the aniline test, of chlorinated rub- 
bers produced by the chlorination of rubber in solution ', by the chlorination 
of rubber in latex, by the chlorination of rubber hydrochloride in solution™ and 
by the chlorination of rubber hydrochloride in latex is compared. The general 
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trend is the same in each case, but, up to 65 per cent of chlorine, the chlorination 
products of rubber hydrochloride are substantially more stable than the cor- 
responding chlorination products of rubber. This is due to differences in 
structure. As was explained on a previous occasion (1), chlorinated rubber 
hydrochloride containing about 51 per cent of chlorine is in the nature of a com- 
paratively stable saturated dichloride, whereas chlorinated rubber of a like 
chlorine content still contains an appreciable amount of loosely bound a-methyl- 
enic (allylic) chlorine as well as double bonds. This dichloride structure is 
transformed in less stable polychloride structures on continued chlorination. 


Rubber in 
solution 


au wo 
6569500 


Rubber 
hydrochiorideQ 
in solution—~ 


—- NY W 
9.9 
ry 


% Reactive chlorine in aniline test 


iO. 20 30 40 SO 60 70 
Yo Chlorine in chlorinated rubber 


Fria. 4.—Reactivity with aniline of chlorination products of rubber and rubber hydrochloride 
produced in solution or in latex as a function of chlorine content. 


Another fact which emerges from Figure 4 is that the products prepared in 
solution with less than 65 per cent of chlorine are more stable than the products 
prepared in latex. The cause of this difference is not quite clear. Possible 
explanations are: (1) a difference in homogeneity; (2) when rubber is chlori- 
nated in solution, hydrochloric acid might partly be added on as a secondary 
reaction, as a result of which the more stable structure of chlorinated rubber 
hydrochloride might be formed to some extent; (2) the strongly acid medium 
in which the chlorination in latex takes place might exert a specific influence on 
the course of the reaction. 

A point worth noting is that the aniline reactivity of the chlorination prod- 
ucts above 65 per cent chlorine content no longer depends on their preparation 
method. Most of these products have been afterchlorinated in the dry form or 
in latex with liquid chlorine or, in a few cases, have been chlorinated in solution 
exposed to ultraviolet light. 


TECHNICAL PROPERTIES 


The practical use to which chlorinated rubbers are put depends on their 
chlorine content and viscosity. Afterchlorinated latex-chlorinated rubbers of 
65 to 70 per cent chlorine content usually do not differ much in solubility prop- 
erties from chlorinated rubber prepared in solution, e.g., they are soluble in 
esters like ethyl acetate, in ketones like methylethyl ketone, and in aromatic 
hydrocarbons like toluene. Their viscosity is usually between 5 and 30 centi- 
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poises in a solution of 20 per cent by weight in toluene at 25° C, which is 
sufficiently low for use as a component for anticorrosive paint. 

Chlorinated rubber of lower chlorine content, as obtained by the direct one- 
stage chlorination of latex, is generally insufficiently soluble in the conventional 
paint vehicles because of insufficient breakdown of the molecules or a slight 
amount of cross-linking. On the other hand, this product can be obtained as a 
stable latex, which can be applied as such, for instance, after adding a suitable 
amount of plasticizer and stabilizer, films can be cast directly from this latex. 
In this case it is an advantage that the original high molecular weight is con- 
served. The dry chlorinated rubber of lower chlorine content can be used as a 
thermoplastic molding material, in which case it is an advantage to add a 
stabilizer, e.g., magnesium oxide. If mixed with a rubberlike butadiene- 
acrylonitrile copolymer, like Hycar OR-15, on the mill or in the form of latex, 
leathery polyblends are obtained. Table X lists some of the mechanical 


TABLE X 
MECHANICAL PROPERTIES OF SOME CHLORINATED RUBBER COMPOSITIONS 


Chlorinated rubber 100 100 100 100 100 100 100 100 100 
Cl content (% 4 57 57 55 57 59 59 5&5 655 
5 
Dibutylphthalate 5 15 25 —- 
Hycar -15 - 100 
Molding temp. (° C) 110 110 110 : 120 
Tensile strength (kg./sq. em.) — — 133 K 191 
Elongation at break (%) — 25 280 
Impact strength (cm.-kg./sq. em.) 
Flexural strength (kg./sq. cm.) 
Bending angle (degrees) 35 — — 


properties of various chlorinated rubber compositions. It is advisable to 
shorten the mixing period on the mill to the utmost, as the mechanical proper- 
ties suffer from long milling under which process the molecules of chlorinated 
rubber break down. Chlorinated rubbers have sufficient chemical stability to 
withstand molding at 110° to 130° C without much harm. 


SUMMARY 


This work was undertaken to find new ways for producing chlorinated rub- 
ber from rubber latex. Methods have been applied during which coagulation 
of the latex and hyprochlorination of the rubber are avoided. 

Passing gaseous chlorine through stabilized and strongly acidified Hevea 
latex proves to be a satisfactory method for the chlorination of rubber. To 
avoid coagulation of the latex, certain nonionogenic or cationogenic emulsifiers 
have to be added. A high acidity of latex prevents the formation of hypochlo- 
rous acid and improves the mechanical stability of the latex. A chlorinated 
rubber latex is produced, the chlorinated rubber of which contains virtually no 
oxygen and up to 61 per cent of chlorine. By subjecting this chlorinated rub- 
ber latex or the dry isolated chlorinated rubber to an aftertreatment, products 
of a satisfactory solubility and with a chlorine content up to 72 per cent have 
been obtained. Judging from the reactivity with aniline, maximum chemical 
stability is at 65 per cent chlorine content. 

As a similar chlorination technique is applicable to rubber hydrochloride 
and synthetic rubber latexes, it is seen that latexes in general are good starting 
materials for the production of chlorinated derivatives. Moreover, stable 
chlorinated rubber latexes are obtained which can be used as such, making new 
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applications possible. Technical advantages of chlorinating rubber in latex 
above rubber in solution are the much higher rubber concentration which can 
be used, and the ease of cooling the less viscous latex during the reaction. For 
some applications it is advantageous that the original high molecular weight of 
the polymer can be conserved. 
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HEAT SENSITIZATION OF LATEX BY THE ZINC 
SALT OF MERCAPTOBENZIMIDAZOLE * 


Rospert DELATTRE 


CoMPAGNIE FRANCAISE DES Matifres CoLorantes, FRANCE 


It is now an accepted fact that molded rubber objects and objects made by 
the dipping process can be made by the gelation of hot latex which has been 
previously sensitized. However, in all processes employed up to the present 
time, certain inconveniences have been encountered. For example, when 
ammonium salts are used, washing prior to vulcanization is necessary. By 
employing organic compounds such as diarylguanidines, this washing operation 
is avoided, but these compounds are relatively inefficient, alter the conditions 
of vulcanization, and often have an unfavorable effect on the aging of the 
finished products. The sensitizing action of zine oxide is sufficiently great 
only in degraded latex or in latex which has been heat-sensitized to a relatively 
small degree. On the other hand, by the use of an enzyme and the resulting 
biochemical degradation, all types of ammoniated latexes can be modified to 
such an extent that they are in suitable condition to be heat-sensitized by zinc 
oxide in a practical way. 

However, the practical application of this method requires a certain amount 
of experience, for the biological processes are extremely complex and are. 
influenced by various factors, e.g., by the original condition of the latex, by 
changes of temperature during digestion of the enzyme, etc. 

Polyvinyl esters, which have been investigated particularly in connection 
with their application to synthetic-rubber latexes, are of value only for slightly 
stabilized latexes, and they have the added disadvantage of polymerizing 
slowly on storage. Electrolytes must be removed by washing after coagulation, 
and, in the manufacture of molded articles, the latex must be strongly stabilized 
by the addition of protective colloids. Finally, mercaptobenzimidazole has 
been recommended, but it has been little used because of certain difficulties 
involved. Latex mixtures heat-sensitized by means of mercaptobenzimidazole 
show, in fact, from the moment of their preparation a marked tendency to 
coagulate prematurely, even when cold, and consequently they lose their 
sensitivity to heat during storage. 

The process to be described in the present paper is based on the use of the 
zine salt of mercaptobenzimidazole!, which in latex has a far different effect 
from that of mercaptobenzimidazole itself. 


BEHAVIOR OF MERCAPTOBENZIMIDAZOLE AND ITS ZINC SALT 


In contrast to mercaptobenzimidazole, the zinc salt of this compound makes 
possible the preparation of latex mixtures which can be gelled by heat under 
the same conditions, not only as soon as they have been prepared, but also 
after standing for several days. 


* Translated for RusBeER CHEMISTRY AND TECHNOLOGY from the Revue Générale du Caoutchouc, Vol. 29, 
No. 4, pages 278-282, April 1952. 
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To a mixture of the following type: 


Centrifuged latex (60 per cent) 165 
Sulfur 2 
Zinc ethylphenyldithiocarbamate?® 1 
Dispersing agent® 2 
Zinc oxide 3 


was added 2 parts of mercaptobenzimidazole‘, its zinc salt‘, and its sodium 
salt‘, respectively. 

The times necessary for gelation at 80° C of these mixtures were measured, 
first on the day of their preparation, and then after the mixtures had aged for 
12 days. The results are summarized in Table 1. 


TABLE 1 
Time necessary for gelation at 80° C 
Compound Day of preparation After standing 12 days 
Mercaptobenzimidazole 2 min., 10 sec. No coagulation 
in 1 hour 
Zine salt 2 min., 15 sec. 2 min. 45 sec. 
Sodium salt No coagulation No coagulation 
after 1 hour after 1 hour 


The results recorded in Table 1 are at first surprising, but can be readily 
explained. 

Whereas the zine salt of mercaptobenzimidazole is a true heat-sensitizing 
agent, mercaptobenzimidazole itself, whose acid function remains free, is 
only a coagulating agent; it thickens latex mixtures, tends to coagulate them 
when cold and, a fortiori, when hot. When coagulation in the cold does not 
take place, mercaptobenzimidazole reacts slowly with any alkali in the latex 
and, after neutralization, it no longer heat-sensitizes the latex mixture. This 
is confirmed by experiments with the sodium salt of mercaptobenzimidazole, 
which does not heat-sensitize a latex mixture, either on the day it is prepared, 
or after long standing. This is further confirmed by Ford viscosity values at 
20° C, on the day of their preparation, of latex mixtures containing 0.5, 1, and 
2 per cent, respectively, of mercaptobenzimidazole and, in turn, the zine salt 
of this compound. 


TABLE 2 
Percentage Mercaptobenzi- Zinc salt of mercapto- 
of agent midazole benzimidazole 
0.5 25 sec. 16 sec. 
1 57 sec. 22 sec. 
2 >3 min. 24 sec. 


With the concentrations shown in Table 2, the zine salt of mercaptobenzi- 
midazole, contrary to mercaptobenzimidazole itself, does not cause any 
troublesome thickening of the latex. 

After 2, 4, 5, and 6 days, the viscosities of the mixtures containing 2 per 
cent of mercaptobenzimidazole or its zine salt change as shown in Table 3. 

According to Table 3, the mixtures containing the zinc salt of mercapto- 
benzimidazole reach a final practically constant viscosity after a few hours, 
whereas the mixtures containing mercaptobenzimidazole itself become pro- 
gressively more fluid and, at the same time, lose their heat sensitivity, as 
has already been shown. 
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TABLE 3 


Zinc salt of 
Mercaptobenzi- mercaptobenzi- 
midazole midazole 
( (2%) 
24 sec. 
42 sec. 
42 sec. 
41 sec. 
41 sec. 


This change shown by the mixtures containing mercaptobenzimidazole 
supports the explanation already given, according to which mercaptobenzi- 
midazole should, by virtue of its free acid group, be a coagulant, even in the 
cold, but susceptible to slow neutralization by any alkali in the latex, whereas 
the corresponding zinc salt is a true heat-sensitizing agent, as a result of which 
gelation occurs only when the latex mixture is heated. 

It should be noted that salts of mercaptobenzimidazole formed from poly- 
valent metals other than zine are also heat-sensitizing agents for latex, but 
the gels obtained are less firm and are too fragile to be handled successfully. 

These considerations are sufficient to show the unique characteristics of 
the process. The use of the zine salt of mercaptobenzimidazole instead of 
mercaptobenzimidazole itself for rendering latex mixtures sensitive to heat is, 
in fact, characterized by two new and unexpected effects, viz., the permanence 
of heat sensitization which is conferred, and the slight changes of viscosity 
which result. 


INFLUENCE OF DISPERSING AGENTS, STABILIZING AGENTS, 
AND THICKENING AGENTS 


Stability toward chemical agents or toward mechanical effects which cause 
coagulation can be increased by the addition of suitable protective agents. 
Ammoniacal casein is a powerful stabilizing agent, and if present in not too 
low concentrations, prevents gelation of mixtures containing the zinc salt of 
mercaptobenzimidazole. Methylcellulose gives gels which are not sufficiently 
firm and which can be removed from the mold only with difficulty. 

On the contrary, alkaline salts of sulfonated formonaphthalenes, con- 
densation products of ethylene oxide and aliphatic alcohols, and gum tragacanth 
give very satisfactory results. The alkaline salts of sulfonated formonaph- 
thalenes, which are, as is well known, important as dispersing agents, increase 
the stability of latex mixtures toward mechanical effects which under normal 
conditions cause coagulation. 

The condensation products of ethylene oxide and aliphatic alcohols, whose 
stabilizing power becomes greatly reduced at temperatures higher than 80° C, 
protect latex mixtures very effectively against coagulation when the latex is 
cold, without at the same time obstructing gelation when the mixture is heated. 

Finally, gum tragacanth is a thickening agent which has no unfavorable 
influence on the heat sensitization of latex mixtures by the zinc salt of mer- 
captobenzimidazole. 

To a mixture of the following composition: 


Hevea latex (centrifuged to 60 per cent) 

Sulfur 

Zinc ethylphyenldithiocarbamate 

Dispersing agent (sodium salt of a sulfonated 
formonaphthalene) 

Zine oxide 
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were added, to make three separate mixtures, the following agents: 


(1) The sodium salt of a sulfonated formonaphthalene derivative, 5 parts. 

(2) A condensation product of ethylene oxide and an aliphatic alcohol5, 
5 parts. 

(3) Gum tragacanth, 5 parts. 


The quantity of water was adjusted to bring these three mixtures and also 
a contro! mixture containing no added agent to the same concentration. 
The results are shown in Table 4. 


TABLE 4 


Mixture Mixture 
containing containing 
the sodium a condensa- 
salt of a tion product 
sulfonated of ethylene Mixture 
Ford viscosity Control formonaph- oxide and containing 
(seconds) mixture thalene an aliphatic gum 
alcohol tragacanth 


Fresh mixture ¢ 20 

After 1 day ) : 34 

After 4 days F 34 

After 5 days : 34 

After 7 days 38 
Time of coagulation at 85° C (seconds) 

Fresh mixture 

After 1 day 

After 4 days 

After 5 days 

After 7 days 


The data in Table 4 show the possibility of using, even in high concentra- 
tions, auxiliary products which function as dispersing agents for pigments, 
stabilizing agents, and thickening agents. 


INFLUENCE OF FORMALDEHYDE AND PHENOL- 
FORMADLEHYDE RESINS 


A further problem is that of preventing bubbles. The classic method is to 
combine formaldehyde with any ammonia in the latex mixture, after having 
added sodium hydroxide in the latter. This combination of ammonia and 
formaldehyde serves to eliminate one cause of the formation of bubbles. 

This method has been found to be applicable to latex intended to be heat- 
sensitized by means of the zine salt of mercaptobenzimidazole. Mixtures of 
the type already indicated were prepared from latex treated with formaldehyde 
under the conditions recorded in Table 5. The addition of sodium hydroxide 
changes the pH value of the latex from 9.0 to 9.8, and the formaldehyde then 
lowers the pH value to the values shown in Table 5. 


TABLE 5 


Mixture Control No. 1 


Latex (60 per cent) 165 165 165 
Sodium hydroxide (36° Bé) -- 0.25 0.25 
Formaldehyde (40 per cent) — 2.5 5 


pH value 9.1 9.1 8.8 
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119 
> 150 

>150 

>150 

160 
185 

160 
125 
110 

oe ee No. 2 No. 3 No. 4 
165 165 

0.25 0.25 
7.5 10 
(coagulation) 
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Stability tests of cold latex and gelation tests of hot latex were made under 
the conditions already described, with results which are recorded in Table 6. 


TABLE 6 
Ford viscosity 
(seconds) 
Fresh latex 
After 1 day 
After 2 days 
After 3 days 
After 6 days 118 ¢ 
After 7 days 30 10 


1 5 
Time of coagulation at 85° C (seconds) 
185 195 


Fresh latex 
After 1 day 170 
After 2 days 170 
After 3 days 170 
After 6 days ‘ 150 
After 7 days ‘ 150 


In the course of the experiments recorded in Table 6, ¢.e., during one week, 
there was no change of the pH value of any mixture. In mixtures nos. 1 and 2, 
free ammonia could be detected easily by its odor and by the change of a test 
paper to brilliant yellow when placed above the latex. On the contrary, 
mixture no. 3 contained practically no free ammonia. 

Heat sensitization of latex by means of the zine salt of mercaptobenzi- 
midazole is not then dependent on the presence of free ammonia, and the latex 
can still be heat-sensitized after formaldehyde has been added and the ammonia 
has thereby been converted to the combined state. 

The effectiveness of the zine salt of mercaptobenzimidazole as a heat- 
sensitizing agent in the presence of formaldehyde indicates that it may find 
application in the manufacture of molded objects from latex reinforced by 
synthetic resins formed in situ. 

The direct reinforcement of latex rubber, which has been studied by Le 
Bras and Piccini® at the French Rubber Institute with latexes degraded bio- 
chemically and then heat-sensitized by the addition of zine oxide, can likewise 
be effected by the addition of the same resorcinol-formaldehyde resins in 
soluble form to latex mixtures which have been heat-sensitized by the zinc 
salt of mercaptobenzimidazole. 

The optimum results are obtained with 10 per cent based on the weight 
of rubber in the latex of soluble resorcinol-formaldehyde resin. The tensile 
strength is 50 to 100 per cent higher than that of the corresponding unreinforced 
mixture. With higher proportions of resin, the modulus increases and the 
tensile strength decreases. ; 

We shall not stress further the application to the process of heat-sensitization 
described in the present paper of the very recent technique of reinforcing latex 
by synthetic resins, a technique which at the present time is still the subject 
of experimentation and of continued publication by the French Rubber 
Institute. 

Because the principal application of the general process of heat-sensitization 
of latex by the zine salt of mercaptobenzimidazole is in the manufacture of 
molded objects, the use of vulcanizable latex mixtures has been the object of 
numerous experiments. At this point it is well to recall that this zine salt of 
mercaptobenzimidazole, whose use in rubber has already been studied from a 
different point of view’, shows four well known characteristics. 
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(1) It belongs to the class of deactivating antioxygenic agents, which, 
when used conjointly with the classic type of antioxygenic agent, assures more 
effective protection than is afforded by either of the two types of antioxygenic 
agents alone, even when the total amount of protective agent remains un- 
changed. 

(2) It imparts no color to rubber mixtures, even after aging or after pro- 
longed exposure to light. 

(3) It protects rubber effectively against degradation by copper or man- 
ganese. 

(4) It has practically no influence on vulcanization. 


In view of these facts, the zinc salt of mercaptobenzimidazole has already 
found a useful place in rubber compounding; in fact, only a very small addi- 
tional expense is involved when it is used in proportions a little higher than 
those in which conventional antioxygenic agents are ordinarily used for the 
purpose of taking advantage of its heat-sensitizing action on latex rather than 
its protective effect against the ultimate aging of the rubber. 


FACTORS INVOLVED IN THE PRACTICAL USE OF THE ZINC SALT 
OF MERCAPTOBENZIMIDAZOLE, GELATION 


The addition to latex of the zine salt of mercaptobenzimidazole does not 
have the disadvantage of diluting to any considerable extent a latex mixture. 
The insolubility of the zine salt makes advisable its addition in the form of a 
33 per cent aqueous dispersion. From the practical viewpoint, the use of the 
zine salt makes possible the preparation of latex mixtures which do not co- 
ugulate prematurely when cold, and consequently the zinc salt need not be 
added at the last moment to a latex mixture to which the vulcanizing agents 
have already been added. It is simpler and more convenient to add the zinc 
salt to the latex at the same time that the pigments and vulcanizing agents 
are added in the form of pastes in the conventional way. 

In the experiments described in the present communication, a paste was 
prepared by grinding for 90 hours in a ball mill the following ingredients®: 


Zinc salt of mercaptobenzimidazole 33 
Sulfonated formonaphthalene derivative (50% aqueous solution) 5 
Gum tragacanth (aseptic 0.49% aqueous solution) 5 
Distilled water 55 


100 

The regularity of the conditions of gelation was confirmed by determining 
the times of gelation at 80° C of two mixtures of identical compositions, but 
prepared separately, and allowed to stand for different periods of time. These 
mixtures contained 2 per cent of the zine salt of mercaptobenzimidazole, 
based on the rubber; the composition of the base mixture was the same as that 
already recorded at the beginning of the present communication. Table 7 
shows the results. 

The results recorded in Table 7 show the perfect regularity and the re- 
producibility of the gelation of the latex by the zine salt of mercaptobenzi- 
midazole. The times indicated were measured by heating test-tubes containing 
15-cc. samples of the mixtures on a hot-water bath. The heat sensitivity of 
the latex mixtures to which the zine salt of mercaptobenzimidazole had been 
added was great enough for the latexes to gel in an open mold in a hot-air 
chamber. 
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TABLE 7 


Time of gelation at 80° C 
Age of the mixture 
days) Experiment no. 1 


Experiment no. 2 


5 
6 
10 


A mixture of the following composition: 


Latex (60%) 

Sulfur 

Zine ethylphenyldithiocarbamate 
Zine salt of mercaptobenzimidazole 
Zine oxide 

Titanium dioxide 

Coloring agent® 

Dispersing agent 


gels at 85° C in 5 minutes in a metal mold in a hot water bath, and in 20 minutes 
at 95° C in air. 

A mixture of the same composition, but containing 10 instead of 5 parts 
of titanium dioxide and 25 parts of a 5 per cent aqueous solution of Marseille 
soap, can be beaten to a foam in about ten minutes in a planetary mixer. The 
volume of the mixture is then tripled, and gelation takes place in 10 minutes 
in air at 95° C. The nature of the heat-sensitizing agent means that there is 
no need of washing the gelled latex before vulcanization, which is then carried 
out in air at 110° C for 30 minutes. 


POSSIBLE APPLICATIONS 


It is possible to rubberize or double fabrics with cellular rubber by means 
of heat-sensitized latex. Obviously in this case heated tables or hot-air 
tunnels long enough for continuous production are necessary. 

The process of heat sensitization of latex by the zine salt of mercapto- 
benzimidazole, which is a new process involving no earlier patents for the 
manufacture of products directly from latex, can be applied, like other patented 
methods such as foamed latex, to the manufacture of cellular rubber. The 
zine salt of merecaptobenzimidazole is compatible with all compoundins in- 
gredients ordinarily used in preparing latex compositions, and it makes possible 
the heat sensitization, not only of mixtures of the pure-gum type, but also of 
loaded mixtures and of ebonite mixtures. 

When whiting is used in the form of a 60 per cent aqueous dispersion, it is 
possible to incorporate up to 100 parts of whiting per 100 parts of actual 
rubber in latex. The gel obtained is sufficiently firm to be removed from the 
mold. 

The following mixture, gelled in air at 120° C for 20 minutes, gives, after 
drying and subsequent vulcanization under pressure in an autoclave for 3 hours 
at 143° C, a solid ebonite: 


Latex (60 per cent) 

Sulfur 

Zinc ethylphenyldithiocarbamate 
Zinc salt of mercaptobenzimidazole 
Zine oxide 

Dispersing agent 

Carbon black 
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The zine salt of mercaptobenzimidazole is an effective heat-sensitizing 
agent, proof of which has been presented at the beginning of this paper. It 
is, nevertheless, useful to compare the action of this zinc salt on commercial 
latex which has not been degraded biochemically by the addition of an 
enzyme’ and containing 0.1 per cent of trypsin and digestion of this enzyme 
for 10 days. 

The gelation tests were carried out, first, with vuleanizable loaded mixtures, 
and then with mixtures containing only 2 per cent of the zinc salt of mercapto- 
benzimidazole with a suitable proportion of dispersing agent. 

The times (expressed in seconds) necessary for gelation at 80° C of these 
mixtures are recorded in Table 8. 


TABLE 8 


Vulcanizable mixtures Unvulcanizable mixtures 
A A. 


Age of the mixture Degraded Undegraded Degraded Undegraded 
(days) latex latex latex latex 


65 95 225 240 
65 95 225 240 
65 90 225 240 
80 90 230 195 
80 85 225 200 


As might be expected, the biochemical degradation of latex accelerates to a 
small degree the gelation of latexes containing the zinc salt of mercaptobenzi- 
midazole. This relatively insignificant increase in the rate of gelation would 
not, however, seem to be of practical interest as far as the manufacture of 
molded products directly from commercial fresh latex is concerned. On the 
other hand, in the case of strictly fresh latex, i.e., which has just been collected, 
the process might be of greater importance. As a matter of fact, since with 
the zine salt of mercaptobenzimidazole latex can be gelled even in the absence 
of zine oxide, the process can be utilized on the plantations for the production 
of rubber in bulk, without resort either to the use of an acid for coagulation or 
to subsequent prolonged washing. Furthermore, this means that an agent is 
added to the rubber at the very beginning which is also a nondiscoloring 
deactivating antioxidizing agent and which at present seems to have no 
disadvantages. 


CONCLUSIONS 


The process of heat sensitization of latex by means of the zine salt of 
mercaptobenzimidazole offers the following advantages. 


(1) Satisfactory heat sensitivity, even when the stability of the latex to 
cold has been increased by the addition of ammonia, soap, or other suitable 
protective agent. 

(2) Satisfactory heat sensitivity when the ammonia in the latex has been 
converted to the combined state by the addition of formaldehyde. 

(3) Permanence of heat sensitivity. 

(4) Remarkable stability to cold when the latex has been heat-sensitized. 

(5) Negligible dilution of latex when the heat-sensitizing agent is added. 

(6) Regularity of the conditions of gelation. 

(7) Elimination of the washing operation after gelation. 

(8) Effective heat sensitization, even in the absence of zinc oxide. 
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(9) Compatibility of the zine salt of mercaptobenzimidazole with all com- 
pounding ingredients ordinarily employed in latex processes and in the rubber 
industry in general. 

(10) Compatibility of the heat-sensitization process with the reinforcement 
of latex by means of precondensed resins. 

(11) Absence of any influence on vulcanizing conditions. 

(12) Improvement of the aging of rubber products, because the zine salt 
of mercaptobenzimidazole is an antioxygenic agent of the deactivating type 
and an inhibitor of the degradation of rubber by copper and other harmful 
metals. 

(13) No influence on the color of rubber products, since the zine salt of 
mercaptobenzimidazole has no discoloring effect, even after a product contain- 
ing it has been exposed for a long time to light. 

(14) No influence on water absorption, since the zinc salt of mercaptobenzi- 
midazole is not hygroscopic. 

(15) Invariable properties and good stability of the heat-sensitizing agent 
during storage. 

(16) Possible use of the zine salt of mercaptobenzimidazole in latex which 
has been degraded biochemically. 

(17) Extensive applications which are possible. 


This list of advantages may or may not be complete, and only the future 
will tell, but it may even now be regarded as certain that the new process will 
find a notable place among the various techniques for processing latex. 
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MECHANICAL STABILITY TESTING OF 
HEVEA LATEX * 


E. W. Mapce, H. M. Couuier, ano I. H. Duckwortu 


Researcn Centre, Duntop Rupser Co., Ltv., Fort Dun op, 
Erpineton, ENGLAND 


INTRODUCTION 


It had long been known that latex could be coagulated as a result of vigorous 
mechanical stirring and that different latexes behaved differently when sub- 
jected to such treatment. It was recognized at the beginning that a high stir- 
ring speed was necessary and that the configuration of the rotating member in- 
fluenced the result very considerably. Over the last twenty years development 
has proceeded, slowly at first, but in recent years much more rapidly, with the 
object of obtaining both a method of testing and an apparatus capable of giving 
reasonably reproducible results. As will be shown later, such a test, although 
mechanical, is of value in assessing the effect of specific treatments of latex. 
Much of the earlier work on the development of the test was carried out in 
America’, and the most comprehensive publication to date concerning the 
development of the mechanical stability test is that of Dawson’. There has 
also been a recent brief French proposal relating to the test’, but little detail is 
given. Based on the work of Dawson and his colleagues, the Precision Scientific 
Company of Chicago have constructed an apparatus suitable for the mechanical 
stability testing of latext and on the work of the Institute Francaise du Caou- 
tchouc, La Mecanique Industrielle of Enghien have also constructed an ap- 
paratus for mechanical stability testing’. 

In the United Kingdom, a considerable investigation into mechanical 
stability testing has been carried out in the development laboratories of the 
Dunlop Rubber Company, Ltd. In certain aspects of this, much assistance 
has been given by laboratories of other bodies, both at home and overseas, to 
which reference will be made later. As a result of this work, Klaxon Ltd, of 
London are now producing a mechanical stability testing apparatus which has 
points of difference and advantage over the American and French machines. 
This apparatus was used in all the tests described below, and is also in use in a 
number of other laboratories in the United Kingdom and abroad. 


DESCRIPTION OF APPARATUS 


Unlike the American apparatus, which is built round a synchronous motor 
and a belt drive, the apparatus uses a direct drive and a means of continuously 
checking the motor speed. Actually Klaxon Ltd, have developed a special 
air-cooled motor capable of running at about 14,000 r.p.m. for appreciable 
periods. The advantage of this is obvious: being a universal motor, it can run 
on a.c. or d.c. supply, can accommodate 50 or 60 cycle a.c. and can be supplied 
for a mains voltage of 100/125 or 200/250 volts. The apparatus is likely to be 


* Reprinted from the Transactions of the Institution of the Rubber Industry, Vol. 28, No. 1, pages 15-26, 
February 1952. 
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used where the a.c. frequency is subject to appreciable variation or where d.c. 
only is available. Particular care has also been given to designing and treating 
the whole apparatus so that it is suited for use under tropical conditions. 

The apparatus is shown in detail in the photograph (Figure 1) and the 
line drawing (Figure 2). The stainless steel shaft (A), which is the stirring 


Fig. 1. 


member, is integral with the armature of the motor and it carries the detachable 
stainless steel stirring dise (B). The visual speed control unit was devised by 
D. H. O. Cooper of the Dunlop Rubber Company, Ltd., and experience has 
shown that this works satisfactorily. It consists of a box with a polymethyl 
methacrylate cover, mounted on the motor housing and containing three vibrat- 
ing reeds of cadmium-plated spring steel. These reeds vibrate in resonance at 
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the following motor speeds:—the center reed at 14,000 + 150 r.p.m. and the 
flanking reeds at 200 + 50 r.p.m. less than, and 200 + 50 r.p.m. more than, the 
center reed. It is a simple matter when a test is running to adjust the speed 
control so that the center reed is always in full vibration. If a further check on 
the motor speed is required, the motor shaft carries on its upper end (beneath 


Fie. 2. 


the detachable cap) a marked horizontal dise for use with a stroboscope. Any 
stroboscope used for calibration may itself be calibrated against a tuning fork. 
Experience has shown that once the reeds are set by the instrument makers 
there is no tendency for them to alter. 

The base of the instrument is massive and is mounted on four hard sponge 
rubber feet set in special recesses in the casting. Without these there is an un- 
pleasant transmission of vibration to the surroundings. The latex container 
(C) slides into position and is located by springs pressing on lugs integrally 
molded with the container. In setting up the apparatus for testing, the table 
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carrying the container is raised by rack and pinion movement until it comes up 
to a stop against which it is locked by a clamping screw. This stop (D) is ad- 
justable and is preset as required by using a special half-inch stainless steel 
calibrating block to set the distance between the bottom of the container and 
the face of the stirring disc. This arrangement allows for any variation in the 
thickness of the base of different containers to be accounted for by the initial 
setting of the adjustable stop. The container itself, transparent to assist 
visual observation, is of molded polystyrene ;’s inch in wall thickness. Such 
containers may be accurately reproduced and supplied in quantity. Previ- 
ously, hand-turned polymethyl methacrylate was used, but now that exterior 
locating lugs are employed, the containers are preferably molded from poly- 
styrene. Accuracy in the container and its setting is very desirable. Irregu- 
larities on the inner surface of molded glass containers had been found to cause 
variation in results when the position of the container was altered or the con- 
tainer was replaced. 

A 60-watt lamp is mounted to shine across the surface of the latex under 
test. This rather cumbersome, but effective fitting was chosen for easy re- 
placement if the lamp failed. Standard 60-watt lamps are readily available, 
even in remote places, in contradistinction to a more elegant instrument lamp 
and fitting. The whole apparatus, which weighs approximately 20 pounds, 
may be fairly said to combine in its design practicability with accuracy. 

As far as the essential dimensions of the apparatus are concerned there now 
seems to be some general agreement on this point and those used in the present 
apparatus are: 


Latex container cylindrical, inside diameter 2.25 + 0.05 inches. Height 
approximately 5 inches. Stirrer shaft approximately 6 inches long, tapering 
to 0.25 inch at its lower end. It must not run more than 0.01 inch out of true 
at 14,000 r.p.m. 

Stainless steel stirring disc 0.820 + 0.001 inch diameter, thickness 0.062 
+ 0.002 inch. 

Distance between latex container and bottom face of stirring disc 0.5 + 
0.1 inch. 


METHOD OF TESTING 


The latex to be tested is diluted with 1.6 per cent ammonia to a total solids 
content of 55 + 0.2 per cent. It is strained through 80-mesh stainless steel 
gauze after dilution. Within a maximum period of 6 hours of this dilution 
80 + 1 gram of this latex is weighed into the container and the temperature 
adjusted to 35° + 1°C. A convenient method of obtaining the required tem- 
perature is by passing hot water through a glass tube bent to a suitable shape 
and immersed in the latex, gently stirring the latex at the same time. 

The container is placed in position in the apparatus and stirred at 14,000 
+ 200 r.p.m. (indicated by the reed control) until the end-point is reached. 
This end-point is reached when a curdy or broken appearance due to the forma- 
tion of fine flocs is first visible over the surface. The time, in seconds, between 
the commencement of stirring and the end-point is the measure of the mechan- 
ical stability of the latex. The results of duplicate tests should not differ by 
more than 5 per cent. 
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INFLUENCE OF VARIOUS FACTORS ON THE TEST RESULTS 


It has already been indicated that the first serious attempts to define a 
mechanical stability test for latex were made in the United States, and, in 
developing the Dunlop apparatus, the essential dimensions used in current 
American practice were followed as closely as possible so that some approach 
to international uniformity might be achieved. The proposals of the British 
Standards Committee and the discussions at current International Standards 
Organization meetings have since allowed a closer measure of standardization 
to be achieved. 

The original American dise size was 0.844 inch when the earlier Benedict 
ring was abandoned. The disc diameter has more recently been reduced to 
0.820 + 0.001 inch, and this has been adopted in the apparatus described 
above. The effective shearing part of the dise is its edge and, therefore, the 
mechanical stability time or M.S.T. will naturally be sensitive to disc diameter. 
The small change in diameter from 0.844 to 0.820 inch will give, for example, in 
a latex of M.S.T. 561 seconds, an increase of M.S.T. of 85 seconds; or, in other 
words, a decrease in disc diameter of 2.8 per cent will cause a rise in M.S.T. of 
15 per cent. A variation in stirrer speed is going to influence the results ob- 
tained. In earlier standardizing work it has been found that a variation of 600 
at 14,000 r.p.m. in stirrer speed caused a variation in M.S.T. of 10 per cent. It 
will be seen, therefore, how necessary it is to reduce the error in stirrer speed to 
obtain the accuracy of result expected. The reed control described does enable 
this to be achieved. 

The total solids of the latex sample has an appreciable influence on the me- 
chanical stability test (M.S.T). In the United Kingdom a total solids of 58 
+ 0.2 per cent has normally been used and in America 51.5 + 0.2 per cent. 
The difference between these total solids figures gives rise to a change in M.S.T. 
of approximately 50 per cent, calculated on the lower M.S.T. figure. In view 
of the large number of M.S.T. determinations that are now carried out all over 
the world by producers and consumers alike, it is obvious that, other things 
being equal, conditions of testing should be chosen so that the time is a mini- 
mum. A compromise figure of 55 + 0.2 per cent has now been adopted, but 
in actual practice it is much more convenient to use 58 per cent to shorten the 
time of testing, and if results at 55 per cent are required, to use a conversion 
factor. 

Dawson? has gone quite fully into the effect of other factors such as am- 
monia content, size of sample, etc., and the only one on which further comment 
is desired is that of the influence of temperature. In this regard there are two 
aspects to be taken into account: (1) the rise in temperature due to the work 
done on the sample; (2) the fall in temperature due to heat losses to the sur- 
rounding atmosphere. 

Heat loss does not take place solely through the walls of the container. The 
initial foaming at the beginning of the test and the meniscus fall towards the 
end frequently coincide with a change in slope of the temperature/time curve, 
and the temperature of the air drawn into the latex must be considered. In 
actual fact the rise in the temperature of the latex during test appears to de- 
pend on the ambient temperature, and is approximately the same whether the 
container is of glass or polystyrene. It is not surprising, therefore, that the 
rise in temperature during an average M.S.T. determination of 600-1200 
seconds at 55 per cent total solids should be 3-4° C under the atmospheric 
temperature conditions of Malaya, while under the more temperate conditions 
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of the United Kingdom it is about 1-2° C. If the latex is very stable, i.e., the 
M.S.T. is of the order of 3000 seconds at 55 per cent, the temperature rise will 
be somewhat higher. It is agreed that this must lead to a small systematic 
difference in results between the two countries, but this is more than outweighed 
by changes that take place during the transport and storage of the latex. When 
a series of experiments is run in any one laboratory the pattern of temperature 
change is closely repeated so that the error introduced by temperature vari- 
ations is small. 

If exact temperature control is required, a water-bath should be used, but 
this presents certain practical difficulties. Because of its higher thermal con- 
ductivity, glass (thermal conductivity 0.002 c.g.s. units) might, in this in- 
stance, be thought a better material for the container than polystyrene (thermal 
conductivity 0.0002 ¢.g.s. units), but this advantage would be outweighed by 
the difficulty of accurately reproducing the glass container. On balance, there- 
fore, the loss in accuracy by not controlling the temperature very closely, is 
more than offset by easier end-point determination, easier and more accurate 
reproducibility of container, together with a simplification of apparatus. 

In the development of the mechanical stability test, there has been much dis- 
cussion concerning the recognition of the end-point of the test. Many ap- 
proaches to the problem have been explored, and the end-point that has now 
generally been adopted, for which the present apparatus is particularly suited, 
is the time when a curdy, broken or rippled appearance is first visible on the 
surface of the stirred latex. This occurs when the fine flocs formed under the 
action of the high-speed stirrer have grown to such a size as visibly to disturb 
the surface. Thereafter the flocs coarsen very rapidly and the whole latex be- 
comes curdy. It is thought that this end-point being direct is more convenient 
to operate than others, depending on the withdrawal of a sample and its ex- 
amination either visually or by filtration through a fine gauze. It is obvious, 
however, that an indirect end-point is helped by a higher dilution and longer 
M.S.T., as the rate of floc coarsening in the sample is then lower. In practical 
use, however, the shorter its duration the better, and this favors the direct 
method of end-point observation. 

While much can be, and has been, written concerning the various sources of 
error in the mechanical stability test and the weight to be ascribed to each, the 
results of a careful test carried out between two laboratories under average con- 
ditions gives probably the best idea of the reproducibility obtained. The 
laboratories concerned were those of the London Advisory Committee for 
Rubber Research at the Imperial Institute in London, and of the General De- 
velopment Division of the Dunlop Rubber Company at the Dunlop Research 
Centre in Birmingham. Each laboratory provided one high and one low 
stability centrifuged latex. Samples were exchanged early in April, 1951, and 
the total solids determined in each laboratory. Using agreed T-S. figures, all 
four latexes were tested at 55 and 58 per cent T.S. content, commencing April 
30, 1951. A portion of the remainder of each of these samples received by one 
laboratory from the other was returned to the supplying laboratory for check 
tests. All four original samples, as well as the returned check samples, were 
again tested, commencing June 25, 1951. In addition, the Dunlop laboratory 
also tested unopened samples of the two latexes they had supplied. Each 
laboratory was using a similar model of the mechanical stability tester supplied 
by Messrs. Klaxon Ltd. These instruments had not been compared, and the 
operators in each laboratory were unknown to each other. The tests were 
carried out with only the written description of the method for guidance. 
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The full experimental results are given in Table 1. 


TABLE 1 


MECHANICAL STABILITY TIME 
(seconds) 
Ist Set 2nd Set Check 
TS. (April) (June) (June) Unopened 
A 


Concen- ~ r — samples 
tration Latex Dunlop L.A.C. Dunlop L.A.C. Dunlop L.A.C. Dunlop 


537 505 663 510 
520 564 633 492 
553 
515 


184 
189 
195 
189 


1838 
1795 
1931 
1860 


1521 
1536 
1484 
1579 


706 
686 


672 
687 


238 
232 
238 
236 


2126 
2350 
2112 
2090 


1917 2055 
1930 1921 
1835 
1829 


The description of the latexes was as follows: 


DL. Dunlop low-stability latex; an experimental centrifuged concentrate, 
five months old. 

DH. Dunlop high-stability latex; a standard bulk shipment centrifuged 
concentrate, five months old. 

LL. L.A.C. low-stability latex; a specially prepared centrifuge concen- 
trate, several years old. 

LH. L.A.C. high-stability latex; standard centrifuged concentrate, twelve 
months old. 


477-452 

ct DL 480 445 

467 

438 

226 191 182 173 

LL 220 180 189 

179 

179 

1545 1442 1833 1780 1674 

DH 1520-1430 1818 1818 — 1650 

1418 

1438 

1310 1266 1617 

LH 1631 — 1578 — 

i 1242 

599-565 630 792 590 

DL 605 560 655 777 — 605 

552 

[33] L_| 
310 238 235 233 

LL 312 237 240 278 

‘ 242 

239 

1770 2057 2160 1875 

DH 1745-1764 2029 2100 — 1889 

1657 

1719 

1580 1492 2095 
LH 15901434 2190 
1394 nae 

1480 
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All samples after adjustment to the required T.S. with 0.6 per cent am- 
monia were rolled for 30 minutes before testing. 
The following observations may be made from these figures: 


1. Agreement within 5 per cent in M.S.T.’s between duplicate tests by one 
observer on a given sample can be readily achieved. 

2. Appreciable changes are continuously taking place in a latex which 
materially affect the mechanical stability. Relatively new preserved 
latex increases in stability on standing, presumably due to the formation 
of stablizing soaps under the action of the ammonia. Very unstable 
and much older latex may deteriorate on storage and behave less homo- 
geneously when tested. 

3. Unopened samples change less in stability than those that have been 
more exposed to the air. This confirms the findings of McGavack’. 


M.S.T. (Secs.) 


0 0:1 0-2 
Effect of potassium laurate on mechanical stability of ammonia-preserved latex. 
Fia. 3.—% Potassium laurate w/w on latex. 
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It is considered that under the conditions laid down, the general agreement 
between the results of the two laboratories is very reasonable, bearing in mind 
the nature of the test and the way in which its results may be used. In hot 
climates it may well be that changes in preserved latex during storage are ac- 
celerated, and this should be borne in mind when comparisons are made be- 
tween Malayan and United Kingdom figures on the same latex. 


2000 


M.S.T. (Secs.) 
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Effect of sodium pentachlorphenate on mechanical stability of ammonia-preserved latex. 
kia. 4.—% Sodium pentachlorophenate w/w on latex. 


APPLICATIONS OF THE MECHANICAL STABILITY TEST 


In a paper dealing principally with the development of a specialized testing 
apparatus, it is probably useful to indicate one or two ways in which this test 
has been applied, although the implications of the investigations carried out 
with the mechanical stability testing apparatus are too wide to be dealt with in 
this communication. The mechanical stability test is extremely sensitive to 
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small additions of certain stabilizers, for example, of soaps, and also to certain 
destabilizers. The powerful effect on the M.S.T. of the addition of small 
amounts of potassium laurate is clearly shown in Figure 3. This may be a 
considerable disadvantage when using the test to describe a latex. On the 
other hand it means that the test is quite sensitive to small changes naturally 
occurring in a latex, due, for example, to hydrolysis of proteins and lipoids. 


800 


vi 


0 4 J 
0 01 0-2 0:3 0-4 


Effect of cetyltrimethylammonium bromide on mechanical stability of ammonia-preserved latex. 
Fig. 5.—% Cetyltrimethylammonium bromide w/w on latex. 


The sensitivity to such changes is clearly shown in Table 1. The stabilizing 
effect of sodium pentachlorophenate when added to ammonia-preserved latex 
over and above that due to any additional alkalinity has already been demon- 
strated®, Here again the M.S.T. measurement affords the simplest indication 
of the stabilization obtained (Figure 4). 
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As an example of stepwise destabilization as measured by the M.S.T., at- 
tention is drawn to Figure 5 and also to McKeand’. In these instances the 
M.S.T. is progressively reduced by the addition of increasing quantities of 
cetyltrimethylammonium bromide. Curves of the type shown in Figures 3, 
4, and 5 are quite reproducible and, as far as any one latex or latex system is 
concerned, afford a means of measuring a quantitative change brought about 
by the addition or removal of surface-active substances. It is always difficult 
to measure changes that the particle surface may undergo in a disperse system 
and the M.S.T. measurement affords one way of indirectly assessing such 
changes. It may well be that the M.S.T. test will ultimately turn out to be 
more useful as a method of assessing changes caused by additions to a latex 
than as a means of evaluating latex itself. 

Several attempts have been, and still are being made to develop a mechan- 
ical stability test in which zine oxide is present in the latex under test. Zine 
oxide plays many different roles in latex processes of all types, so its presence 
in an ‘“‘ad hoe” test of the mechanical stability type makes the interpretation 
of such a test all the more difficult and its specification all the more exacting. 


SUMMARY 


In recent years the mechanical stability testing of latex has received in- 
creased attention, and an apparatus has been developed in the United Kingdom 
which has certain advantages over those previously described in the literature. 
Various factors relating both to the instrument and to the method of testing 
are discussed and the influence of these factors on the accuracy of the results 
is considered. Some indication is given of the way in which the mechanical 
stability test can be used to evaluate changes brought about by various addi- 
tions and treatments of the latex. 
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THE ZINC OXIDE STABILITY OF LATEX * 
G. E. van 


INDONESIAN INSTITUTE FOR RusBeER Researcn, BoGcor, INDONESIA 


In the Indonesisch Institut voor Rubberonderzoek laboratories we are con- 
cerned with problems regarding the production of concentrated natural-rubber 
latex as well as with problems regarding the application and uses of such latex. 
Experience gathered during many vears has shown that nothing is more vari- 
able and tricky than a substance like latex. It is very difficult to explain the 
meaning of this variability apart from the chemical composition, since it in- 
volves factors which are known but are difficult to describe. Even if we restrict 
ourselves to the important property of the stability of the latex, it is not easy 
to give a clear and sharp definition. 

The mechanical stability of latex covers only one aspect of stability. Some- 
times the term chemical stability is used, but without further mention of the 
type of chemical agent used to measure the stability. 

In this paper we shall deal only with zine oxide stability, since this type of 
stability is of special importance in latex technology. We shall first concern 
ourselves with the way in which this zine oxide stability is affected by the com- 
position and condition of the latex and then shall deal with the effect on zine 


oxide stability obtained by adding certain chemicals to the latex. 


THE DETERMINATION OF ZINC OXIDE STABILITY 


When zinc oxide is added to latex containing ammonia, the viscosity of the 
latex usually increases, owing to the solubilization of the zine oxide and the 
resultant formation of positively charged complex ions, which decrease the 
colloidal stability of the latex. This thickening process is accelerated by in- 
creasing the temperature, and sometimes may result in total coagulation of the 
latex. 

To determine the zinc oxide stability of a latex, either the increase in viscos- 
ity under predetermined conditions or the time to coagulation may be measured. 
In most of the experiments described in this paper the time to coagulation 
method similar to that already described by Lepetit! was used. 

In making the determination of zine oxide stability, 10 cubic centimeters of 
latex containing zine oxide, which has been added in the form of a water dis- 
persion, is placed in a small glass cylinder of 25 ce. capacity. This glass cylinder 
is covered at the top with a metal cap, through the middle of which a tiny 
stamplet for stirring the latex is inserted (see Figure 1). The whole apparatus 
is immersed into a water bath maintained at a temperature of 80° C. As the 
latex thickens, it is tested by moving the stirrer up and down at regular inter- 
vals. When the entire latex mass can be lifted in the form of a lump of coagu- 
lum, the end point has been reached, and the zine oxide stability in minutes or 
seconds is recorded. 

* Reprinted from the India Rubber World, Vol. 125, No. es 317-321, December 1951. This 


3, 
was presented before the Division of Rubber Chemistry of ft ny are Fs Chemical Society at its i. 
national Meeting in Cleveland, October 11-13, 1950. 
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Fra. 1.—Apparatus for the determination of the ZnO stability. 


In an early experiment the effect of adding increasing amounts of zine oxide 
to latex was investigated, and it was found that with more than 2.4 grams of 
zine oxide per 100 grams (dry weight) of latex, the coagulation or gelation times 
were constant, but were at varying levels, depending on the amount of am- 
monium nitrate used to increase further the gelation rate (see Figure 2). 
Gelation with the sole addition of zine oxide occurs only with old preserved 
latex. With fresh latex the addition of a small quantity of ammonium nitrate 
is"necessary. 


10 WITH 4ML 


9 LATEXCREAM D.R.C. 59.6% 

T.S.61,1 % 

ZnO/100 RUBBER 2,46 


WITH 14,1G 
20 ML 
NH 


TIME OF GELATION IN MIN. 


04 08 12 16 2 24 26 32 4 S 8 «6112 14 6 20 
ZnO (@ PER 100@ RUBRER> ML. AMM. NITRATE (30% /100G RUBBER) 


Fic. 2.—Time of gelation with increasing amounts Fic, 3.—Time of gelation with increasing amounts 
of ZnO. of ammonium nitrate. 
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Also, in order to compare different samples of fresh latex, a certain amount of 
ammonium nitrate must be added in order to obtain a measurable coagulation 
time. The relation between coagulation time and increasing amounts of am- 
monium nitrate with a constant zine oxide content is shown in Figure 3. 

In connection with the data reported in Figure 3, however, if the time of 
coagulation is less than three minutes, the effect of variation in the amounts of 
ammonium nitrate used will be obscured, since three minutes is required to 
bring the latex in the test cylinder up to 80° C. 


FACTORS THAT DETERMINE ZINC OXIDE STABILITY 


The work of Lepetit has provided latex technologists with a better insight 
into the mechanism of zine oxide gelation. It was shown that the zine oxide 
stability of a given latex is affected by so-called minus factors, t.e., substances 
which promote the solubilization of zine oxide, such as ammonium salts, amino 
acids, and the hydrolysis products from latex albumin, all of which reduce the 
stability of the latex containing zine oxide. Also, our experiments with yellow 
and white fractions of latex have indicated that if the yellow fraction is removed 
from a given latex, the remaining white fraction is less stable to zinc oxide than 
is the total latex. 

There are also plus factors in the form of certain substances that may be 
added to latex containing zine oxide and stabilize it against the activity of the 
soluble zinc complexes or reduce the activity of these complexes. 

In the work reported below we shall present first the results of investigations 
concerned with certain characteristics of latex, as such, and their relation to 
zine oxide stability. The effect on zine oxide stability of the addition of cer- 
tain substances to latex will then be shown in a later section. 


LATEX PROPERTIES AND ZINC OXIDE STABILITY 


Zine Oxide Stability vs. KOH Number.—The determination of the KOH 
number? has come into general use in latex technology. In this method latex is 
titrated electrometrically with potassium hydroxide solution until at a pH be- 
tween 10 and 11, an inflection point in the curve, pH vs. KOH, occurs which is 
used to determine the KOH number. The method is essentially a means for 
the titration of the weak anions in the latex and, if other factors are constant, 
results in an inverse relationship between zine oxide stability and KOH num- 
ber’. 

Baker‘ drew a distinction between ether-soluble acids in latex, the amount 
of which is fairly constant for a given type of latex, and the water-soluble acids, 
which vary enormously in amount and which have a very great effect on zinc 
oxide stability. Experiments carried out at the Rubber Research Institute of 
Malaya‘, and confirmed by us, show that if the ammoniation of latex after 
tapping is delayed, or if the ammonia concentration is not brought up to the 
proper level, the KOH number increases, while at the same time the zinc oxide 
stability decreases. In general, there is a similar increase in KOH number 
during the storage of preserved latex, which is also accompanied by a decrease 
in zine oxide stability. This phenomenon has also been investigated by Lepetit 
and coworkers’. 

Although it is now generally accepted by latex technologists that a high 
KOH number is accompanied by low zine oxide stability, it is our opinion that 
this fact may be true only when one sample of latex is considered. If several 
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samples are taken at random from several latexes for comparison, no correlation 
between KOH number and zine oxide stability can be found. 

In Table 1 we have summarized data on KOH number and mechanical and 
zine oxide stability on centrifuged ammoniated latexes taken from different 
trees in the experimental garden of Tjiomas of the Centrale Proefstations 
Vereniging at Bogor, Indonesia. Dry rubber content of the samples was about 
60 per cent. No correlation was found between stability and KOH number. 


TABLE 1 


KOH NumBer AND STABILITIES OF LATEXES FROM DIFFERENT 
Oricin. Tests Run 1n 1950 


Mech. ZnO 
Sample Date of stab.* . stab. 
preparation (min.) (min. ) 
3/17/49 
6/ 5/49 
7/20/49 
8/10/49 
7/ 9/49 
9/23/49 
10/12/49 
10/25/49 
11/ 9/49 
12/23/49 
1/23/50 
* Mechanica! stability determined with Hamilton-Beach high-speed stirrer. Latex temperature not 


controlled, but room temperature fairly constant at 29°C. End point taken as first evidence of coagulation. 
+K 


KOH number in mg. KOH per 100 g. of latex (dry weight). 


GELATION WITH 6 ML. AMN.NITR. 30% PER 100 RUBBER 


TIME OF GELAT.IN MINUTES 


so 45 40 35 30 25 20 
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Fie. 4.—Time of gelation as a function of DRC. 
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Effect of DRC on Zinc oxide stability—The zine oxide stability of latex is 
affected in the same manner as is the mechanical stability, colloid stability, etc., 
by the dry rubber content of latex being tested, i.e., the higher the DRC, the 
lower the zinc oxide stability. This effect is shown in Figure 4, where the zinc 
oxide stability of mixtures of centrifuged latex having a DRC of 56.6 per cent 
and the corresponding skim with a DRC of 7.82 per cent over a range of 15 to 
50 per cent were determined. 

Effect of yellow fraction —de Haan and van Gils have described the separa- 
tion of fresh Hevea latex into a yellow and a white fraction®. The properties of 
these two fractions of latex appear to be quite different, and it was to be ex- 
pected that their behavior toward zine oxide would also be different. The 
white fraction is obtained by centrifuging fresh latex having a pH of 7 in a 
separator. 


GELATION WITH 6 ML. AMM.NITR. 30 %/100 RUBBER 
13 
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Fic. 5.—Time of gelation with increasing amounts of yellow fraction. 


A few years ago we observed that the white fraction latex was very suitable 
for making molded articles by the Kaysam process, since the amount of am- 
monium salts necessary to obtain a strong coagulum was very much reduced. 

It now appears that the addition of yellow fraction latex to a sample of 
whole latex increases the zine oxide stability of the mixture. In investigating 
this characteristic of the latex yellow fraction, mixtures of latexes A, G, and C 
were prepared in such a way that the DRC was always the same, but the ratio 
of white to yellow fraction was different and the percentage of yellow fraction 
varied from 0 to 50. 

Latex A.—A white fraction concentrate made by centrifuging fresh latex in 
a separator. DRC was 57.5 per cent; TS, 59.1 per cent. 

Latex B.—A yellow fraction latex made by centrifuging fresh latex in tubes. 
DRC was 21.1 per cent; TS, 24.2 per cent. 

Latex C.—White fraction latex made by diluting A with water to the same 
concentration as B. 

The increase in zinc oxide stability with increasing amounts of yellow frac- 
tion latex is shown in Figure 5. Apparently the yellow fraction contains sub- 
stances which act as stabilizers against zinc oxide. 

Effect on zine oxide stability of degradation of latex proteins—This phe- 
nomenon has been discussed and investigated very thoroughly by Lepetit. 
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The findings of this worker parallel those of the INIRO laboratories, where 
before the late war we had determined that old latex was much more susceptible 
to thickening and coagulation with zinc oxide than was fresh latex. 


EFFECT OF ADDING SUBSTANCES TO LATEX 


Surface-active agents—In investigating the effect of added substances on 
the zine oxide stability of latex, we first examined a series of surface-active 
substances and found that neither fatty acid soaps nor sulfonated oil soaps? 
made any change in the zinc oxide stability of a given sample of latex. Neither 
was any change evidenced when protein containing materials, such as casein, 
gelatin, globulins, or peptones of albumin, was used. 

Nonionic emulsifiers of two different types investigated were Emulphor-O 
and Vulcastab-LW*. Emulphor-O appears to increase stability against zine 
oxide; while Vuleastab-LW is only slightly active, as may be seen from the 
results plotted in Figure 6. 


aVULCASTAB.LW 10 
z 
=8 
z a 
=» 
S 
+ = 
3 
ce) 2 4 6 6 


ML. STABILIZER /100G RUBBER 


Fia. 6.—Influence of stabilizers on the time of gelation. 


Sequestering agents.—Sequestering or chelating agents might be expected to 
improve the stability of latex against zinc oxide, owing to the ability of such 
materials to neutralize the destabilizing zine oxide complex. The action of 
Sequestrene-AA® may be represented by the following equation: 


R CH.COO— 
N—c—c—N 
OOCILC CH.COO 
H.C ——CHs 
| | 
R—N N—CH;COO— 
+ Zn*++ ———> 
H.C Zn CH: 
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A 5 per cent solution of Sequestrene-AA in dilute ammonia was prepared, 
but when it was added to the latex alone, flocculation occurred; only when the 
Sequestrene-AA was mixed with Vulcastab-LW was stabilization against zinc 
oxide obtained. A mixture of three parts of Vulcastab-LW (10 per cent solu- 
tion) with one part of Sequestrene-AA (1 per cent solution) was found to give 
the best results. 

Table 2 gives some results of the effect of adding increasing amounts of the 
above mixture to latex and measuring the zinc oxide stability. 


TABLE 2 


Errect oF SEQUESTRENE AA—VuLcasTaB-LW MIXTURE ON 
ZNO SraBILity 


Zine oxide 
Parts stability 
mixture (min.) 


Phosphates.—The action of phosphates can best be demonstrated by their 
influence on the so-called zine oxide thickening, a phenomenon well known to 
latex technologists. In the results reported in Table 3, the effect of sodium 


TABLE 3 


Errect oF Various Soprtum PHosPHATES ON ZINC OxipE THICKENING OF LATEX 
witH 56.6 Per Cent Dry Soups anp 58.1 Per Cent 


Per 100 
cc. latex f 
Viscosity in centipoises, after 


Stabilizer 1 day 7 days 10 days 14 days 1 mo. 


Quadrafos (10%) ; 5 1121 1928 
39.1 584 


26.3 324 


- Emulphor-O (5%) . 9. 110.5 142.2 
82.9 124.4 
41.8 


5 


Sodium p 
(neutral) (10% 


Trisodium phosphate (10%) 


Control, original viscosity, 76.9 
*Viscosity too great to measure. 


pyrophosphate sodium tetraphosphate 
and trisodium phosphate (Nas3PQ,4-12 H,O) were investigated with regard to 
viscosity inc’ease on standing in the following latex compound: latex rubber 
(dry weight), 100; zine oxide, 1.5; sulfur, 2.0; sodium dithiocarbamate, 1.0; 
borax casein, 10%, 2 cc.; and water, 4cc. Subsequent to the addition of the 
stabilizer, water was added to keep the DRC of the compound at a constant 


level. Emulphor-O was also included in this investigation. 


0 5} 

2 64 

4 74 

6 9g 

67.1 104.2 

15 0 20.6 19.9 32.9 67.1 eet 

143.1 211.2 : 

135.3 188.6 

43.0 53.8 

5 10 383 723 1189 3122 4199 * 
10 5 254 408 681 139.4 202.8 * ae 

15 184 216 329 57.2 89.0 133.2 

5 10 35.0 34.7 480 60.1 676 77.7 
| 10 5 235 225 218 236 25.9 36.1 eee 
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The viscosity changes for the first ten days reported in Table 3 are plotted in 
Figure 7 in comparison with the control sample. It is evident that most of 
these phosphates, as well as the Emulphor-O, are able to reduce zine oxide 
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Fic. 7.—Influence of phosphates on latex thickening. 


thickening. For practical use we recommend 0.5 gram of trisodium phosphate 
per 100 grams of compounded latex (wet weight). 

In the Kaysam process, phosphates may be used as a modifier to reduce coag- 
ulation time. The effect on gelation time of sodium pyrophosphate and sodium 
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tetraphosphate, as well as the effect of sodium hydroxide, all in the form of 10 
per cent solutions, are shown in Figure 8. 

Another material that may be of importance in controlling the zine oxide 
stability of latex is sodium silicate; its activity is about the same as that of 
trisodium phosphate. 
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Fic. 8.—Influence of phosphates and NaOH on the time of gelation, 


We also investigated a substance normally present in fresh latex: namely, 
quebrachitol. The addition of 1.5 grams of quebrachitol to 100 cubic centi- 
meters of concentrated latex reduced gelation time by one-half. 

Ammonium salts, amines, etc—Substances added to latex containing zinc 
oxide that reduce stability include ammonium salts, such as ammonium nitrate, 
which are very well known for their use in the Kaysam process. (See Figure 3.) 

The degradation products of the proteins must also be mentioned, amino 
acids, etc., but this subject has already been studied entensively by Lepetit'. 

We do not wish to become involved in a discussion of the mechanism of zine 
oxide stability at this point, but will, instead, point out some of the practical 
applications of the use of ammonium salts and amines in latex processing and 
handling. 

The Kaysam process has as its greatest disadvantage the fact that the coagu- 
lated rubber articles must be washed extensively before drying can take place. 
This procedure is not necessary with all ammonium salts, however, since it was 
found that ammonium stearate will produce coagulation in 15 minutes on heat- 
ing when used in a concentration of 0.5 gram per 100 grams of latex rubber 
(Bins’ method), and the resulting coagulum need not be washed, although the 
coagulum is somewhat soft. Ammonium oleate was found to be even better 
than ammonium stearate for such use. 

According to Cassagne", unsaturated fatty acids are more likely to form 
zinc ammonium complexes than are saturated fatty acids. A disadvantage of 
these ammonium fatty acid soaps, however, is their excessive foam formation 
which limits their application to the latex foam industry. 

The following amines have been found to be active in stabilizing latex 
against zine oxide: urea hydrochloride, mono- and diethylamine hydrochloride. 
Triethylamine hydrochloride was not active; neither was triethanolamine. 
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In the course of this work on ammonium salts and amines it was found that 
ammonium naphthenate, and, in general, the soluble alkali salts of naphthenic 
acids produce heat-sensitive latex without the disadvantages of other materials 
used for this purpose. Gelling time can be effectively regulated by the amount 
of naphthenate added to the latex, and the mechanical stability and the foaming 
capacity are increased at the same time. Patents for the use of these naph- 
thenates in latex have been applied for. 


SUMMARY AND CONCLUSIONS 


A review of the factors which determine the zine oxide stability of latex has 
been given. The work of Lepetit and our own experiments lead to the con- 
clusion that the zine oxide stability of latex is determined in the first place by 
substances which promote the solubilization of zinc oxide (minus factors); in 
the second place by substances which stabilize the colloid against the activity of 
the complex zine cations or reduce the activity of these ions (plus factors). 

It has been generally accepted that the higher the KOH number of a latex, 
the lower is the zine oxide stability. Since the KOH number is based primarily 
on neutralization of the acidic components of the serum only, a general cor- 
relation with zine oxide stability could not be found when latexes of different 
origin were examined. 

Intrinsic factors or factors depending on the properties of the latex itself 
that influence zine oxide stability are: (1) the dry rubber content of the latex, 
where high values are accompanied by low zinc oxide stability values and vice 
versa; (2) the yellow content fraction of latex, which in increasing amounts 
adds to the stability of the latex; (3) the protein content of the latex which, 
when degraded either artificially or naturally, reduces the zinc oxide stability. 

The effect of materials added to latex on zine oxide stability includes: (1) 
fatty acid and sulfonic acid soaps, which have only slight influence; (2) Emul- 
phor-O, sequestering agents, and sodium phosphates and silicates, which have 
a stabilizing effect; (3) ammonium salts and amines, which have a marked 
destabilizing effect, although triethanolamine hydrochloride is not active. 
Quebrachitol has a slight destabilizing effect. 


REFERENCES 
t Lepetit, Ree. gtn. caoutchoue 24, 300 (1947); 28. 3 (1948); 26, 167 (1949); Trans. Inet. Rubber Ind. 23, 104 


2 Method D1076-49T of the eT Soc m4 for Testing Materials. 
* Wren, Trans. Inst Rubber Ind. 18, 91 (1942 
‘ Baker, Trans. Inst. Rubber Tad. 16, 165 (1940); 18, 115 (1942). 
+ Rubber Research Institute of Malaya, private communication. 
* De Haan and van Gils, Proc. 2nd Rubber Technol. Conf. London, 1948, p. 292. 
7 The ammonium salts of fatty and sulfonated oil acids will be pode nod separately. 
* Imperial Chemical Industries, Ltd., London, England. 
* Alrose Chemical Co., Providence, Rhode Island. 
10 Rumford Chemical Works, Rumford, Rhode Island. 
'! Cassagne, P., French Rubber Institute, Paris, private communication. 
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STORAGE STABILITY OF UNVULCANIZED 
NATURAL, NITRILE, AND GR-S RUBBER 
COMPOUNDS * 


CHARLES H. ScHROEDER 


InpustrIAL Propucts Division, Tue B. F. Goopricn Co., Akron, Onto 


The storage stability of compounded but unvulcanized stocks is of great 
importance to the manufacture: of rubber products. Supplies of compounded 
stocks, from which withdrawals may be made at irregular intervals for process- 
ing and curing to fill orders for finished products should have the ability to re- 
main plastic for several months. It should be possible also for stocks to be 
mixed in one plant and shipped to another plant or to a given company’s repair 
crews in the field even in the hottest weather without excessive hardening or 
loss of plasticity of these stocks. Good storage stability is also essential for 
such items as tire repair materials which are sold in an uncured state for vul- 
canization at a later date. 

Factors which affect the storage stability of unvulcanized natural and syn- 
thetic rubber stocks are discussed. They are the effect of different vulcaniza- 
tion accelerators and retarders, the heat history of the compound, the effect of 
polymers of different types and of different lots of the same type, and the effect 
of the reaction between the polymer and the loading pigment. 

It has been observed that the loss of plasticity of a given stock, after aging 
at 110° F for varying periods of time gives a good indication of its relative 
storage stability. This type of information can also be used to predict factory 
processing characteristics of a stock after storage at room temperature. 


EXPERIMENTAL DETAILS 


The Goodrich plastometer! can be used to obtain data for the study of loss 
of plasticity of rubber stocks. Although a variety of weights and testing tem- 
peratures has been employed with this instrument, for this work a five-pound 
weight and a temperature of 70° C were used. Unless otherwise noted, all 
data on plasticity in this paper have been obtained under the above conditions. 


RESULTS AND DISCUSSION 


It is generally recognized that the selection of the type of accelerator to be 
used in a given compound is of very great importance in obtaining good storage 
stability. This fact is illustrated by the data reported below: 


* Reprinted from the India Rubber World, Vol. 125, No. 1, pages 53-54, October 1951. 
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Errect oF ACCELERATOR TyPE ON ComMPouUND STORAGE STABILITY 


Ingredients Compound A Compound B 

Nitrile rubber 100 100 
Sulfur 2 2 
SRF black 100 100 
Ester-type plasticizer 30 30 
Age resister 0.5 0.5 
Resin-type plasticizer 10 10 
Zinc oxide 4 4 
Benzothiazolyl disulfide 1.5 
Mercaptobenzothiazole _ 1.00 
Plasticity (original) 58.9 67.00 

Aged 2 weeks @ 100° F 49.1 8.10 


Stocks may be damaged by exposure to too high temperatures for too long 
periods of time and therefore may give evidence of poor storage stability. 
Good storage stability, as indicated by recovery of plasticity, can frequently be 
regained, if the stocks have not been too badly scorched, by remilling with re- 
tarders. The data in the following table illustrate this point for a lot of molding 
compound which was deliberately damaged by hot milling and subsequently 
recovered by remilling the damaged stock with a retarder. 


Errect OF RETARDER ON PLASTICITY OF SCORCHED STOCK 


After Remilled 
Fresh hot with 

compound milling retarder 
Plasticity (original) 82.9 82.3 86.3 
Aged 2 weeks @ 110° F 81.9 2.3 82.6 


No one retarder appears to be effective in all formulations. Malic acid is 
outstanding for nitrile rubbers, but does not appear to work so well with GR-S 
or natural rubber. Whether this phenomenon is due to the type of polymer or 
to the accelerator combination used in a given case, or both, cannot be con- 
clusively stated. For most GR-S, nitrile, and natural rubber formulations, 
however, an effective retarder can usually be found. Goodrite Vultrol, tri- 
chloromelamine, and Retarder-W are suggested for any work with heat-damaged 
stocks. 

Stocks damaged by excessive heat do not appear to regain storage stability 
when diluted with non-curing masterbatches. It has been observed that the 
practice of working away a heat-damaged stock in a fresh compound results in 
seriously impairing the storage stability of the mixture. 


EFFECT OF POLYMER CHARACTERISTICS 
ON STORAGE STABILITY 


The relation between the characteristics of various types of polymers or, in 
this instance, the characteristics of two different lots of 75-25 butadiene- 
acrylonitrile synthetic rubber, prepared using different polymerization tech- 
niques, is illustrated by the following data. Considerably different storage 


stabilities were evidenced when the two lots were compounded in identical 
recipes. 
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STORAGE STABILITY OF DIFFERENT ELASTOMERS 


EFFect OF POLYMER CHARACTERISTICS ON STORAGE STABILITY 


Ingredients 


Nitrile rubber 100 100 
SRF black 85 85 
Ester plasticizer 30 30 
Resin plasticizer 10 10 
Zine oxide 5 5 


Tetramethylthiuram disulfide 0.1 0.1 
Benzothiazoly! disulfide 1.5 1.5 
Sulfur 2 2 
Plasticity (original) 55 52 
Aged 4 weeks @ 110° F 27 5.6 


Mooney scorch (Lg. rotor @ 300° F) 
Scorch time plus interval to reach 
20 points above minimum 6 


These data clearly indicate that loss of plasticity was due to an inherent 
characteristic of one lot of this polymer and was not dependent on the rate of 
cure of the batch. The Mooney scorch results show that the material exhibit- 
ing poor storage stability had a slightly slower rate of cure. The result in this 
instance was the opposite of that which would have been encountered if the 
rate of cure alone had been the cause of poor storage stability. Confirming 
data have been obtained using similar batches compounded with neither sulfur 
nor accelerator. 
Unfortunately, no retarder or stabilizer in general use will overcome the 
inherent shortcomings of improperly prepared synthetic rubber. Also, certain 
commercially available types of American synthetic rubber exhibit poor storage 
stability. Therefore the basic characteristics of a polymer should be investi- 
gated when poor storage stability is encountered. 


EFFECT OF INTERACTION BETWEEN ELASTOMER 
AND LOADING PIGMENT 


The loss of plasticity on storage of uncured compounds which is caused by 
the interaction of the elastomer and loading pigment is a complex phenomenon. 
At least five factors are involved: (1) type of loading pigment; (2) quantity of 
pigment incorporated; (3) source of supply of the pigment; (4) mixing condi- 
tions employed; (5) temperature at which the batch is stored. 

Certain loading pigments are known to alter the rate of curing. Since it 
has been shown earlier that rate of curing influences storage stability, the study 
of elastomer-pigment interaction must be made with formulations containing 
neither sulfur nor accelerator. 

The following data show that loading pigments differ in their effect on 
plasticity of the compound in storage. 


Errect orf PIGMENTS ON COMPOUND STORAGE STABILITY 


Ingredients Compound A Compound B 


GR-S 100 100 
Zinc oxide 2 2 
HAF black 50 _ 
SRF black _— 85 
Light process oil 18 18 
Plasticity (original) 55 58 


Aged 4 weeks @ 110° F 


Lot A Lot B 

34 53 

aa 
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In general, most non-black pigments behave like SRF black, although cer- 
tain types of whiting and large quantities of zinc oxide (250 parts per 100 parts 
of rubber) behave like HAF black in their effect on compound storage stability. 
Among the carbon blacks, those with the smaller particle size (such as MPC 
black) impart poor storage stability to rubber compounds. 

The loss of plasticity caused by HAF black is not confined to GR-S formu- 
lations. Nitrile and natural rubber compounds show similar losses of stability 
on storage. 

That loss of plasticity during storage is a function of the amount of pigment 
incorporated in the compound as shown by the following data. 


Errect or INcREASED BiacK LoapING ON CompouND SroraGE STABILITY 
Parts of HAF black per 100 


parts of nitrile rubber 20 30 40 50 60 
Plasticity (original) 7a 67 62 59 50 
Aged 4 weeks @ 110° F 75 64 50 34 20 


There appears to be a significant difference in the plasticity loss during 
storage of compounds made with HAF blacks from different suppliers. The 
data in the table below were obtained using 50 parts of HAF black per 100 
parts of rubber in a non-curing formulation. 


Errect or HAF Bracks on Various SuppLiges ON COMPOUND 
STORAGE STABILITY 


HAF Black A B C D E 
Plasticity (original) 39 23 25 26 38 
Aged 2 weeks @ 110° F 30 14 24 15 36 


These results are not isolated data, but are representative of more than one 
test. The amount of variation between shipments from one supplier, however, 
has not as yet been determined conclusively. It cannot be stated definitely, 
therefore, that one type of HAF black will invariably perform better than an- 
other with respect to uncured storage stability. Although the above results 
were obtained using GR-S, these blacks perform similarly in nitrile-rubber 
formulations. 

Conditions of mixing influence the storage stability of compounds in an un- 
expected manner. Batches mixed as cool as possible become harder (less 
plastic) during storage than those mixed hot. Even under conditions of mixing 
which cause the hot-mixed material to be originally less plastic than the cold 
mixed compound, this relation appears to hold true. 

The following data illustrative of this point were obtained using nitrile 
rubber. Similar results have been found for equivalent GR-S formulations. 


Errect or Mrxinc TEMPERATURE ON COMPOUND STORAGE STABILITY 


Mixed in 
internal 
mixer at 

260° F for 

Ingredients Mixed cool 5 min. 
Nitrile rubber 100 100 
Zine oxide 4 4 
Ester plasticizer 35 35 
Resin plasticizer 10 10 
HAF black 65 65 
Plasticity (original) 62.6 43.3 


Aged 4 weeks @ 110° F 21.8 39:3 
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The temperature of storage also has its effect on the amount of plasticity 
lost by a given compound. The higher the storage temperature, the greater 
the loss of plasticity experienced. Although the data are not conclusive, it 
appears that the coefficient of plasticity loss with increasing temperature is not 
constant, but may vary with the composition of the material involved. The 
data presented below are typical of the loss of plasticity of compounds exposed 
to increasing temperatures of storage. 


Errect or TEMPERATURE ON COMPOUND STORAGE STABILITY 
Plasticity 


Temperature (° F) 110 130 
As prepared 61.4 61.4 


After 3 weeks 34.2 20.6 


Loss of plasticity under these conditions does not appear controllable by the 
use of retarders or chemical peptizers, such as RPA. 


SUMMARY AND CONCLUSIONS 


Loss of plasticity due to interaction of polymer and loading pigment and 
aging can be overcome by remilling, and therefore is not serious in formulating 
compounds which can be remilled before use. Compounds which are sold in 
the unvulcanized state and cannot be remilled after aging and before use must 
be formulated so as to avoid loss of plasticity due to polymer and pigment inter- 
action or from other cause shown in this paper. 

The factors influencing the storage stability of unvulcanized compounds 
both with and without curing agents have been discussed, and it has been shown 
that by proper formulation it is possible to produce stocks with adequate 
uncured storage stability. 


REFERENCE 
1 Karrer, Davies, and Dieterich, Ind. Eng. Chem. Anal. Ed. 2, 96 (1930). 
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SOME FACTORS INFLUENCING THE 
ROAD WEAR OF TIRES * 


R. D. M. N. Sree, anp J. MANDEL 


NaTIONAL Bureau or STanparbs, Wasutnoton, D. C. 


INTRODUCTION 


It is well known that large variations in the wear of tires in service are likely 
to occur from one position on a vehicle to another, from vehicle to vehicle, from 
day to day, and from winter to summer. In the evaluation of the tread wear 
of tires, it is important to know the magnitude of these variations so that proper 
corrections or equalization of conditions can be made. It is possible to study 
several of these variables during the routine evaluation of tires without in- 
creasing the cost of the test by planning it in accordance with a statistical de- 
sign. Buist, Newton, and Thornley! give a design for testing tires which em- 
ploys two and three part treads. This paper deals with three designed tests 
for regular tires, two of them involving the evaluation of different brands of 
6.00-16 passenger car tires, the other being a study of the influence of type of 
rubber and black on tread wear employing 9.00—20 truck tires. A more com- 
plete description of the latter test is given in the paper by Mandel, Steel and 
Stiehler’. 

METHOD OF MEASUREMENT 


In the usual method for determining tread wear, the depth of the grooves in 
the tread design is measured periodically. Another method found by Roth and 
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Fia. 1.—Rate of tread wear during test of 9.00-20 truck tires. 
* Reprinted from the Transactions of the Institution of the Rubber Industry, Vol. 27, No. 6, pages 298- 
311, December 1951. 
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FACTORS INFLUENCING ROAD WEAR OF TIRES 657 


Holt’ to have advantages over depth measurements is to make periodic meas- 
urements of the weight of the tire while mounted on a rim and inflated. In the 
test employing the 9.00—20 truck tires, both methods of measurement were used 
in order to determine the relative advantages of each. Only the weight method 
was used in the two tests evaluating the tread wear of passenger car tires. 
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Fig. 2.—Depth-weight relationship of treads of 9.00-20 truck tires. + 
Weight Depth 
1,100 153 
1,650 207 

T’/T 1.50 1.36 


An analysis of the data for the truck tires gives a coefficient of variation for 
a single determination of approximately 17 per cent by the depth method and 
20 per cent by the weight method. If judged by precision alone, the depth 
method appears to have the advantage. Precision, however, is only one factor 
determining the sensitivity of a test. The other factor is discrimination of a 
test or the differences in values obtained for two different samples. A con- 
sideration of the rate of wear during test as measured by both methods reveals 
the magnitude of this second factor. Figure 1 shows that a tire loses weight at 
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essentially a constant rate; whereas, the depth of the tread grooves decreases 
rapidly during the early life of a tire and at a diminished but continually chang- 
ing rate during its later life. Figure 2 makes a direct comparison of the loss in 
weight and in depth for the tires included in this test. If two of these tires, 
T and T’, are compared after a certain mileage, it is seen that tire T’ appears to 
wear 1.5 times as fast as tire T according to weight measurements, but only 1.36 
times as fast according to depth measurements. Further, if comparisons are 
made at other mileages, the wear of tire T’ compared to tire T is the same within 
experimental error if weight measurements are used, but varies if depth measure- 
ments are used. If tread designs are different, then depth measurements may 


TABLE 1 
Desicn or Test or 9.00-20 Truck Tires 


Group 1* Summer and winter Autumn and spring 
Group 2* Autumn and spring Summer and winter 
Vehicle Vehicle 
Test Wheel r A — 
period position 1 2 3 4 1 2 3 4 
1 LF Ab Ce Da Bd Bb De Ca Ad 
RF Cd Aa Be Db Dd Ba Ac Cb 


te 
= 
_ 
a. 
= 
~ 
4 
~ 
= 
— 
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* Seven blacks were tested in combination with four rubbers. In Group 1, blacks a, }, c, and d were 
— and in Group 2, blacks a, e, f, and g were tested. Blacks e, f, and g replaced blacks 6, c, and d in the 
design. 


— 

RR Ba Dd Cb Ac Aa Cd Db Be 
oot : LR De Bb Ad Ca Ce Ab Bd Da 
OF RF Bb De Ca Ad Ab Ce Da Bd 
ea RR Ce Ab Bd Da De Bb Ad Ca 
e oe LR Aa Cd Db Be Ba Dd Cb Ac 
3 LF Be Db Cd Aa Ac ~ODd_ Ba 
—— RF Da Bd Ab Ce Ca Ad Bb De 
a RR Ad Ca De Bb Bd Da Ce Ab 
a ee LR Cb Ac Ba Dd Db Be Aa Cd 
1 LF Ca Ad Bb De Da Ce 
coe RF Ac Cb Dd Ba Be Db Cd Aa 
ja RR Db Be Aa Cd Cb Ac Ba Dd 
ae LR Bd Da Ce Ab Ad Ca De Bb 

5 LF Ad Ca De Bb Ca 
oe RF Cb Ac Ba Dd Ba Dd Cb Ac 
| a RR Be Db Cd Aa Cd Aa Be Db 
ae LR Da Bd Ab Ce Ab Ce Da Bd 

me Hl 6 LF Db Be Aa Cd Aa Cd Db Be 
oa RF Bd Da Ce Ab Ce Ab Bd Da 
a RR Ca Ad Bb De Bb De Ca Ad 
cca LR Ae Cb Dd Ba Dd Ba Ac Cb 
7 LF Ba Dd Ch Ac Ch Dd 
RF De Bb Ad Ca Ad Ca De Bb 
a ae RR Ab Ce Da Bd Da Bd Ab Ce 
LR Cd Aa Be Db Be Db Aa 
8 LF Ce Ab Da Bd Ce Ab 
ee cs RF Aa Cd Db Be Db Be Aa Cd 
ee RR Dd Ba Ac Cb Ac Cb Dd Ba ~ 
LR Bd De Ca Ad Ca Ad Bb De 


FACTORS INFLUENCING ROAD WEAR OF TIRES 


TABLE 2 


Desien or Test I or 6.00-16 PassencerR Car Tires 


Vehicle Vehicle 
Wheel - 
position Period 1 2 3 4 Period l 2 3 4 
RF 1 1A 1E 1D 1H 9 1F 1B 1C 1G 
LF 1G iC 1B 1F 1H 1D 1E 1A 
RR 2B 2F 2G 2C 2E 2A 2H 2D 
LR 2D 2H 2A 2E 2C 2G 2F 2B 
RF 2 2E 2A 2H 2D 10 2B 2F 2G 2C 
LF 2C 2G 2F 2B 2D 2H 2A 2E 
RR 1F 1B 1C 1G 1A 1E 1D 1H 
LR 1H 1D 1E 1A 1G 1C 1B 1F 
RF 3 2G 2C 2B 2F 11 2H 2D 2k 2A 
LF 2A 2E 2D 2H 2F 2B 2C 2G 
RR 1D 1H 1A 1E 1C 1G 1F 1B 
LR 1B 1F 1G 1C 1E 1A 1H 1D 
RF 4 1C 1G 1F 1B 12 1D 1H 1A 1E 
LF 1K 1A 1H 1D 1B IF 1G 1C 
RR 2H 2D 2E 2A 2G 2C 2B 2F 
LR 2F 2B 2C 2G 2A 2K 2D 2H 
RF 5 2F 2B 2C 2G 13 2A 2E 2D 2H 
LF 2H 2D 2E 2A 2G 2C 2B 2F 
RR 1E 1A 1H 1D 1B IF 1G 1C 
LR 1C 1G 1F 1B 1D 1H 1A 1E 
RF 6 1B 1F 1G 1C 14 1E 1A 1H 1D 
LF 1D 1H 1A 1E 1C 1G 1F 1B 
RR 2A 2E 2D 2H 2F 2B 2C 2G 
LR 2G 2C 2B 2F 2H 2D 2E 2A 
RF 7 1H 1D 1E 1A 15 1G 1C 1B 1F 
LF IF 1B 1C 1G 1A 1E 1D 1H 
RR 2C 2G 2F 2B 2D 2H 2A 2E 
LR 2E 2A 2H 2D 2B 2F 2G 2C 


LF 2B 2F 2G 2C 2E 2A 2H 2D 
RR 1G 1C 1B 1F 1H 1D 1E 1A 
LR 1A 1E 1D 1H IF 1B 1C 1G 


The captial letters signify the brands. 
The numerals signify tires of the same brand. 


even give misleading ratings of tires. The following tabulation lists the ad- 
vantages and disadvantages of both methods of measurement. 


Characteristic Weight method Depth method 
Reproducibility of measurement Better 
Sensitivity of test Better 
Relation to mileage Proportional Not proportional 
Effect of tread design on ratings None Biased ratings 
Substitution of tires during test Unrestricted Restricted 
Testing of two-part treads Not suitable Suitable 


Testing of wear behavior at center 
and shoulder of tread _ Not suitable 


Suitable 
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DESIGN OF TEST 


The three tests were designed around a four-by-four latin square. This 
design permits the simultaneous testing of 16 tires on four vehicles. The test 
of the truck tires covered nearly a million vehicle miles during an interval of 
15 months. The test was divided into seasons of 3 months each. During 
each season, a different set of tires was tested, all of which had shelf-aged during 
all preceding seasons. There were 8 periods of approximately 1,680 miles each 
in addition to an initial break-in period, in each season. Table 1 shows the 
allocation of tires to vehicles and positions for each of the 8 periods of each 
season. The capital letters signify the rubbers and the small letters signify 
the blacks included in the test. Table 2 shows the design of Test I of passenger 
car tires, which comprised 16 periods of 800 miles each. The capital letters in 
the table signify the brands of tires and the numerals identify the two tires of 
the same brand. Test II of passenger car tires followed a design similar to that 
shown in Table 2 with two exceptions: (1) the test comprised only 8 periods of 
approximately 525 miles each, and (2) four tires of one brand and twelve tires 
of another brand constituted the tires tested. 

It is evident from an examination of Tables 1 and 2 that in the course of 16 
periods each tire is tested on each of the 16 wheels. Further, if the 16 periods 
are subdivided into sets of 4 consecutive periods, then in each set each tire is 
tested once on each vehicle and once on each of the four wheel positions. Each 
set of 4 periods forms a balanced design from which certain valid conclusions 
can be deduced. The following tabulation lists the variables studied in the 
two designs. 


Variables in Table 1 Variables in Table 2 


Rubbers Brands 

Blacks Uniformity of brands 
Vehicles Vehicles 

Wheel position Wheel position 
Periods Periods 

Climatic conditions 

Aging 


In addition to determining the effects of these variables, the features of 
replication inherent in the design permit an appropraite statistical analysis to 
estimate the precision or reproducibility of the results. The coefficients of 
variation determined from the data are 13 per cent for Test I and 16 per cent 
for Test II of passenger car tires (weight method) and 17 per cent for depth 
method and 20 per cent for weight method of test of truck tires. 

The equalization of treatment of each tire through this type of design can 
best be seen from an examination of the results for Test II of 6.00—16 tires, 
involving four tires of one brand and twelve tires of another. The results are 
summarized in Table 3. It is seen that the vehicles travelled at 30 miles per 
hour during four periods and at 50 miles per hour during the other four periods. 
The variability in average rate of wear from period to period is very large even 
for periods run at the same speed, having a coefficient of variation of 20 per cent. 
This large variation prevents an accurate estimate of the effect of speed, al- 
though it is evident that wear is appreciably faster at 50 than at 30 miles per 
hour. One might expect that this variability which interferes with the estima- 
tion of the effect of speed might also appreciably reduce the precision of test 
and interfere with evaluation of the wear of the tires. In fact, however, the 
agreement between the average rates of wear for tires of the same make is re- 
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markably good, the coefficient of variation being about 6 per cent. It should 
be noted that this reproducibility was obtained with only 8 instead of 16 periods 
of test. It may be concluded, therefore, that proper equalization of treatment 
of the tires by means of an appropriate statistical design can compensate to a 
very large extent for the large and often unavoidable variability in conditions 
that are encountered in the road testing of tires. 


EFFECT OF WHEEL POSITION 
The relative rate of wear of tires on each of the 16 wheels in each tests is 


shown in Table 4. It is seen that in all three tests the variation in rate of wear 


TABLE 4 


Wear on INDIVIDUAL WHEELS 
Percentage of Mean Weight Loss 


Vehicle 
A 


Position 1 2 3 Mean 
9.00-20 Truck Tires 
LF 33 35 33 32 33 
RF 41 41 54 38 44 
LR 167 171 163 142 161 
RR 163 171 167 148 163 
Mean 101 104 104 91 100 
6.00-16 Passenger Car Tires—Test I 
LF 89 72 87 79 81 
RF 108 O4 119 115 108 
LR 104 OS 106 102 100 
RR 117 104 106 117 111 
Mean 104 92 104 102 100 
6.00-16 Passenger Car Tires—Test II 
LF 104 115 111 122 113 
RF 100 100 156 156 128 
LR 8Y 82 85 82 84 
RR 78 70 82 78 77 
Mean 3 92 108 109 100 


on different vehicles was relatively small, the wear on individual vehicles diifer- 
ing from the mean by less than 10 per cent. On the other hand, it is observed 
that the variation in wear on different wheel positions varied from test to test. 
In the tests of passenger car tires, the maximum difference in wear on different 
wheel positions is about 25 per cent from the mean, whereas, in the test of the 
truck tires, the rate of wear on rear positions is more than four times that on 
front positions. This large difference in rate of wear is probably due to loading. 
The passenger car tires carry the same load in all positions; whereas, the truck 
tires carry a 45 per cent greater load in rear positions than in front positions. 
It is also noted that there is some variation in wear between right and left po- 
sitions and that the front wheels of some vehicles were apparently not in good 
alignment. The higher rate of wear on front than on rear wheels in Test II of 
passenger car tires is probably due to the use of four-wheel drive vehicles. 
Figure 3 illustrates the relationship between the rates of wear in front and 
rear positions of the trucks used in testing the 9.00-20 tires. This relationship 
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applies only to tires having treads made from synthetic rubber and furnace 
black, which are influenced in the same relative manner by changes in tempera- 
ture and other conditions of test. The broken lines represent the limits within 
which 95 per cent of the points are expected to be if wear on front and rear 
positions is proportional. The figure confirms the conclusion, based on a 
statistical study of the data, that the ratio of the rates of wear on front and rear 
wheels is constant within experimental error. Further, the coefficient of vari- 


FRONT-GRAMS/IOOO MILES 


REAR- GRAMS/I000 MILES 


Fig. 3.—Rate of tread wear on front and rear wheels in test of 9.00-20 truck tires. 


ation for tread wear of these tires, when tested in front positions, is only slightly 
greater than that in rear positions, despite the large difference in rate of wear. 
These observations suggest that geometric averages or their mathematcial 
equivalent—the arithmetic averages of the logarithms of the wear values— 
should be used in the analysis of these data. Failure to do so results in an un- 
due emphasis on the results obtained in rear positions, since even large signi- 
ficant differences in the wear on front wheels are small with respect to random 
variations in wear on rear wheels. Transformation of wear values into log- 
arithms has the added advantage of permitting a direct estimation of the rela- 
tive wear of different tires. For these reasons the data obtained on the 9.00—20 
truck tires were treated in this manner. 

On the other hand, there is little gain in transforming wear data into log- 
arithms if the variation in wear on different wheels is not large, such as in the 
case of the two tests of 6.00-16 passenger car tires. An analysis made on the 
logarithms of the data shown in Table 3 leads to identical conclusions to those 
inferred from the analysis of the original data, shown in this table. Further, 
the two methods of analysis yield estimates of experimental error that are in 
excellent agreement. 


EFFECT OF DAILY AND SEASONAL VARIATIONS 


In Test I of passenger car tires, the 800 miles comprising a period was 
driven during a single day. Since the test was conducted during July, about 
75 per cent of the travel was made during daylight hours. The variations in 
wear and weather from period to period are therefore the same as those from 
day to day. These variations can be seen in Figure 4. It is interesting to 
note that the rate of wear was greatest when the largest proportion of the mile- 
age was on wet roadways. From this observation one should not infer that 
wet roadways necessarily cause an increase in the rate of wear, but rather that 
if wet roadways do decrease the rate of wear, then some other factor which may 
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be associated with wet roadways has a much greater effect than wetness of the 
road surface and in the opposite direction. This factor is apparently not the 
atmospheric temperature, since on days when the roadway was dry, the vari- 
ation in wear can not be correlated with the variation in atmospheric tempera- 


ture. Better correlation is obtained between amount of sunshine and rate of 
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Fia. 4.—Climatic conditions and rate of tread wear during Test I of 6.00-16 passenger car tires. 


wear, although the data for Periods 5 and 9 cause the correlation coefficient to 
be low. The results are suggestive, however, that probably road and particu- 
larly tread surface temperatures may be responsible in large part for the vari- 
ations in tread wear from day to day. There is some evidence that the amount 
and type of dust on the road may also cause some of the variation in rate of 
wear from day to day. Studies of these factors have not been made to date. 
In the test on truck tires, it was found that the seasonal variation of wear 
was different for treads made from natural rubber and channel black than for 
those made from synthetic rubber and furnace blacks. The difference in the 
behavior of these treads can be seen in Figure 5, where the circles represent 
treads containing channel or acetylene black and the squares represent treads 
containing furnace blacks. It is seen that natural rubber treads containing 
channel or acetylene black wear least in winter (season 3) and most in summer 
(seasons | and 5). The reverse appears to be the case for treads made of syn- 
thetic rubbers and furnace blacks. The other combinations, i.e., treads made 
from natural rubber and furnace blacks or treads made from synthetic rubbers 
and channel or acetylene black, do not appear to be as sensitive to seasonal 
changes. Although the data for passenger car tires indicated that the wear 
during any particular day is not directly correlated with the atmospheric tem- 
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Fig. 5.—-Seasonal variations and rate of tread wear during test of 9.00-20 truck tires. 


Or 


perature, it is reasonable to assume that long-term seasonal changes are related 
to average seasonal temperature. On this assumption it is interesting to 
calculate temperature coefficients of wear. The results are given in Table 5. 
Positive temperature coefficients are obtained for treads made from Hevea and 
channel or acetylene black and negative coefficients are obtained for treads 
made from synthetic rubbers and furnace blacks. The temperature coefficient 
of the other treads is essentially zero. 


TABLE 5 
AGING AND TEMPERATURE COEFFICIENTS OF TREAD WEAR 


Aging Temperature 
Tread compound coefficient coefficient 
“A ~ (per cent (per cent 
Rubber Black per year) per F degree) 
Hevea Acetylene or EPC 11 1.0 
Furnace 20 0.1 
GR-S or GR-S-10 Acetylene or EPC 14 0 
Furnace 5 —0.9 
X-485-GR-S Acetylene or EPC 1 0.3 
Furnace 16 —0.7 


It is also interesting to note that a higher rate of wear occurred in winter 
than in summer for some treads, even though the wet mileage was 20 per cent 
greater in winter. In fact, if the effect of a lower coefficient of friction due to 
wet road surface is to decrease the rate of wear, the temperature coefficients in 
Table 5 should be algebraically smaller. There is some indication that a lower 
coefficient of friction decreases tread wear, since the rate of wear was appreci- 
ably reduced during one period of season 3 when 85 per cent ot the mileage was 
wet. This lower rate of wear may also account for the fact that some treads 
having negative temperature coefficients wore slower in winter (season 3) than 
in the autumn (season 2). Present data do not permit a reliable estimate of 
the relative effects of temperature and coefficient of friction on tread wear since 
information on road and tread surface temperatures are lacking. Both the 
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tests of passenger car and truck tires, however, indicate that the temperature 
effect frequently overshadows the effect of a lower coefficient of friction on wet 
roadways. 

Table 5 also gives the coefficients of wear relating to the age of the tire. 
It is evident that rate of wear increases on aging in most instances. The rate 
of wear of some treads, however, does not appear to change significantly during 
one year of storage. It should be emphasized that these coefficients are qualita- 
tive indexes rather than quantitative estimates, since other factors than time 
affect the amount of deterioration during storage. Further, the effect of aging 
is generally much less on rate of wear than on other characteristics, such as 
tread cracking. 


EFFECT OF TYPE OF RUBBER AND BLACK 


As mentioned previously, the test of the 9.00—20 truck tires was made pri- 
marily to determine the wear characteristics of treads made from different rub- 
bers and blacks. An analysis of the data was made to determine whether the 
effect of type of black is consistent or differs from rubber to rubber, 7.e., if there 
is interaction between rubber and black. Within experimental error no inter- 
action was found. This conclusion was demonstrated by calculating a wear 
index for each rubber-black compound on the assumption of no interaction be- 
tween the two components. Then, the calculated values were plotted against 
the observed values as shown in Figure 6. If there is no interaction between 
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WEAR INDEX - CALCULATED 


Fia. 6.—Comparison between observed and calculated tread wear. The circles 
represent tires of group 1 and the squares tires of group 2 in Table 1. 


the rubbers and the blacks, approximately 95 per cent of the points should be 
within the broken lines, and such is the case. It may, therefore, be concluded 
that the rubber and black are mutually independent in their effects on tread 
wear. 

This finding simplifies the study, although the difference in the behavior of 
natural and synthetic rubbers or of channel and furnace blacks with a change 
in temperature makes it impossible to state definite ratings of tread wear. 
The ratings given in Table 6 are applicable only for the conditions of this test. 
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TABLE 6 
RatTinG oF RuBBERS 


Basis of rating 


Rubber Weight Volume Depth 
X-485-GR-S 123.9 123.4 119.4 
Hevea* 114.8 113.2 111.7 
GR-S 105.2 105.1 105.7 
GR-S-10 100.0 100.0 : 


or Backs 


Basis of rating 


Blacks Weight Veleme Depth 
HAF 100.0 100.0 100.0 


EPC* and RF . : ; 
Acetylene* 60.9 61.1 73.0 


* Rating applies only for the conditions of this test. 


The treads made from the synthetic rubbers and the furnace blacks will have 
the same relative ratings under apparently all conditions of test, but a compari- 
son of these ratings with those for treads containing natural rubber or channel 
black must be made with discretion. 


SUMMARY 


Three road tests of tires for tread wear were statistically designed. The 
design of test equalized the treatment of tires, and included a study of some of 
the factors influencing the road wear of tires in addition to the primary object 
of the test. Among these factors were the effects of vehicle, wheel position, 
day of test, climatic conditions, and length of storage. A study was made also 
of two methods of measurement-depth of tread grooves and weight loss. The 
information on these factors was obtained at no increase in cost of test. It was 
found that atire loses weight at essentially a constant rate, whereas, the depth 
of the tread grooves decreases at a declining rate, which results in a bias in the 
tread wear ratings. The weight method was also found to be more sensitive 
than the depth method. The study of the effects of vehicle and wheel positions 
led to the conclusion that differences in the rate of wear on different wheels do 
not affect the tread wear comparisons, since the rate in slow wearing positions 
is proportional to that in fast wearing positions, and the coefficient of variation 
is about the same. These results led to the conclusion that geometric rather 
than arithmetic averages be used in evaluating tread wear. The study of the 
effect of day of testing and of climatic conditions indicated that the surface 
temperature of the road and tire has a pronounced effect on rate of wear. 
Natural rubber treads containing channel black wore faster as the temperature 
increased, whereas, synthetic rubber tread containing furnace blacks wore 
faster as the temperature decreased. Other treads wore at about the same rate 
as the temperature changed. The effect of temperature on tread wear was 
greater in many instances than the effect of a lower coefficient of friction on 
wet roadways. Storage of tires generally increased the rate of wear; however, 
some treads did not wear faster after one year of storage. The object of one 
test was to determine the effect of type of rubber and black on tread wear. It 
was found that the rubber and black are mutually independent in their effects. 
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The behavior of natural and synthetic rubbers or of channel and furnace blacks 
with a change in temperature made it impossible to compare them without 
stating the conditions of test. 
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EVALUATING DYNAMIC FATIGUE OF ADHESION 
OF TIRE CORDS TO RUBBER STOCKS * 


W. James Lyons 


CHEMICAL AND PuysicaL Researcn LABORATORIES, Firestone Tire & Ruspper Co., 
Akron, OxI0 


A variety of tests has been devised in the laboratories of the tire and rubber 
and associated industries for measuring the adhesion of textile fabric, especially 
tire cord, to natural and synthetic rubber stocks'. Most of the tests involve 
measurements, generally at room temperature, of specimens which are given 
no special treatment after preparation. It has, however, been widely rec- 
ognized for some time that the testing of unfatigued specimens at room tem- 
perature is an inadequate simulant of fabric conditions in a tire at the time of 
adhesion failure. 

For a decade or more, tests devised by Gibbons? and Lessig* have been used 
to evaluate the resistance to separation of combination rubber and fabric speci- 
mens. The results of these tests, however, have been interpreted more as 
evaluations of the fatigue properties of rubber stocks and rubber-fabric struc- 
tures than of fatigued adhesion per se. To overcome partially the deficiencies 
of the simple static test, on the theory that the deterioration of adhesion in tire 
service is in part due to the heat generated in the flexing of the tire, there was 
added to the H adhesion test at the Southern Regional Research Laboratory! 
a feature which consists of heating the specimens at 275° F for 1.5 hours before 
the actual breaking test at that same temperature. A mechanical fatigue test, 
the results of which depend more nearly on the dynamic adhesion alone than do | 
those in the foregoing tests, has been in use during recent years in the Rubber 
Laboratory of the I. G. Farbenindustrie in Germany‘. In this test, the adhesive 
bond is fatigued by means of a periodic shearing force, until the bond is ruptured 
and the cord is pulled free of the rubber strip. More recently Gardner and 
Williams’ and Pittman and Thornley® have described tests in which the loss of 
adhesion between cord and rubber, as a result of flexing the test piece, is actu- 
ally measured. Inthe Gardner and Williams test, the flexing is done on a Good- 
rich flexometer, and consists of the periodic compression of a small rubber block 
containing a single test-cord. After a period of flexing, of the order of 10 to 40 
minutes, the force required to extract the cord axiglly against the residual ad- 
hesion is measured on a standard cord-testing machine. The Pittman and 
Thornley method subjects the rubber-encased cord sample to periodic flexure 
and lateral compression for a definite number of cycles. The fatigue of ad- 
hesion is measured as in the foregoing method. 

In the present paper a dynamic test is described, whereby the fatigue or 
deterioration of adhesion is likewise measured. It has been under develop- 
ment and use at the Firestone Research Laboratories since 1947. The well- 
known Goodyear H test! is employed to measure the pull-out adhesion of cord 
to rubber in both unflexed and fatigued samples. 


* Reprinted from Analytical Chemistry, Vol. 23, No. 9, pages 1255-1259, September 1951. This paper 
was presented before the Division of Rubber Chemistry of the American Chemical Society at its meeting in 
Washington, D. C., February 28-March 2, 1951. 
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In the conventional H-specimen, the single cord which is pulled out is en- 
tirely surrounded by rubber, whereas in the plies of a tire the cords lie side by 
side, very often in close contact. To simulate this condition, it was decided to 
use a band of cords, so that each test cord could be extracted from between 
two cords, all embedded in rubber. Flexing a band of parallel cords also would 
appear to be more realistic than the flexing of a single cord cured in rubber. 


APPARATUS AND METHOD 


Adhesion Fatigue Machine.—The nature of the flexing to which the specimen 
is subjected is shown in the schematic drawing of Figure 1. 


RUBBER TEST-STRAP 
TIRE CoRO 


WEIGHT 


Fia. 1.—Schematic side view of single unit of roller-flex adhesion fatigue machine. 


The test strap, 6.5 X 1 X 0.1 inch, has a band of five cords passing longitu- 
dinally through the middle. Affixed at one end (the right in Figure 1) to a 
stationary mounting, the strip passes horizontally from there to a pair of 
ys-inch rollers mounted in a reciprocating carriage. The strip follows a sig- 
moidal path around the rollers, and continues horizontally to its free end. 
The five cords in the middle band are extended beyond this end of the strip, and 
support weights of 3, 4, or 5 pounds, depending on the size of the cord. The 
load of weights provides a constant initial tension on the cords (corresponding 
to that arising from inflation pressure in a tire), while the whole strip is sub- 
jected to rapid cyclic flexures around the rollers as the latter are carried to and 
fro. The carriage for the rollers is connected by a rod to a motor-driven crank- 
shaft which moves the rollers back and forth along the rubber strap. Of 
obvious derivation from the nature of the flexing action, the name Roller-Flex 
has been adopted for the machine and the testing method in which it is used. 

In essential features, each unit or station of the multiple-station machine in 
actual use follows the design shown in Figure 1. The straps are clamped to the 
stationary mounting by means of a steel strip 1 inch long, held against the rub- 
ber by two machine screws which pass through the strap. To avoid breakage 
at the pulley, it was found preferable to hang the weights on a strand of doubled 
undipped cotton or rayon cord, which is tied to the dipped test-cord close to the 
end of the test strap. 

The carriage for the rollers is mounted on a brass plate, which slides in steel 
ways parallel to the axis of the cords in the strip. Each carriage is paired with 
another, and the two are connected through a common wrist pin and rod to the 
crankshaft, as shown in Figure 2. The flexing stations and the crankshaft are 
mounted on a rectangular horizontal frame of welded angle-iron construction. 
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The crankshaft, which provides a 43-inch stroke (carriage travel), and the con- 
necting rods are from a six-cylinder automobile motor. As Figure 2 reveals, 
the twelve stations which can be operated from the crankshaft have been in- 
stalled on the machine. 


Fig. 2.—Multiple-station roller-flex machine with crankshaft guard removed. 


The crankshaft is driven by an induction-motor, gear-reducer combination, 
to give a constant speed of flexing. The motor is rated at 1 hp. and 1750 r.p.m., 
while the gear reducer has a 6 to 1 input-output ratio with a 0.75-hp. rating at 
1800 r.p.m. This installation provides satisfactorily uniform operation, at a 
measured flexing rate (crankshaft speed) of 293 cycles per minute. ([Origin- 
ally, the crankshaft was driven by an electric motor through a V-belt. How- 
ever, operation of the machine for about two years revealed that the wearing 
and growth of a V-belt (long before it became unserviceable) resulted in a re- 
duction in the speed of operation of the machine, and hence, in the severity of 
flexing. In order to assure uniform operating conditions, the gear reducer was 
installed. 

Preparation of Test-Pieces——The cords of which the adhesion is to be meas- 
ured are cured between sheets of rubber skim (body) stock of 0.055-inch gage, 
in a technique employing the mold shown in Figure 3. 

Over the sheet, first placed in the mold, five cords of each sample are laid 
side by side between each pair of slots, as indicated in Figure 3. Clamped to 
the mold at one end, each cord is under a 4-ounce tension, produced by indi- 
vidual weights. After another sheet of the same rubber stock is laid over the 
cords, the loaded sections of the latter are fastened to the mold at the points 
where they pass over the edge of the mold. The cords are clamped at both 
edges by means of steel strips through which pass, at intervals, machine screws 
engaging threaded holes in the mold. [The clamping crushes and tends to 
weaken the cords. For this reason the platform section at one end (the front) 
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of the mold, outside the cavity, was made longer, so as to allow a greater length 
of uncrushed cord (in which durable knots can be tied) to extend beyond the 
end of each rubber strip. ] To reinforce the ends of the fatigue straps which are 
to be clamped to the stationary supports during flexing, strips of square-woven 
cotton fabric (3 ounces per square yard) are cured into the back end of the pad 
in the upper and lower surfaces. After the cords are fastened, the weights are 
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Fie. 3.—Mold for cord-adhesion test straps for roller-flex fatigue machine. Broken lines 
indicate positions in which test cords are placed during building of pad. 


removed, and the mold is closed and placed in the press. With this procedure 
the cords are under constant strain during cure. Curing, with an all-natural 
rubber skim stock, is for 40 minutes at 290° F. 

After removal from the mold and trimming, the pad is cut into 6.5 X 1 inch 
straps. Each contains a band of five sample cords extending along the central 
axis. As many pads are cured as are necessary to secure four straps of each 
sample or control cord. Two straps of each sample are selected from two differ- 
ent cures for static adhesion tests, and two are similarly selected for dynamic 
fatiguing. 

Dynamic Fatiguing—The straps which are selected for fatiguing are affixed 
to removable bars which form the stationary supports, when mounted in place 
on the machine. The flexural fatiguing action itself has been described in con- 
junction with the operation of the machine. 

As a lubricant on the surfaces of the straps during flexing, as well as for the 
roller bearings and carriage ways, castor oil has been used. Glycerol had been 
used initially, but the film formed by castor oil is evidently longer lasting. The 
use of oil cups provides for continuous lubrication of the straps during flexing. 
A number ot tests involving the immersion of straps in castor oil for days and 
weeks have shown that the oil has no detectable effect on the adhesion of dipped 
rayon cords, as measured in the H specimens. 

For tensioning weights, 3 pounds usually has been used on cotton and 1100/2, 
4 pounds on 1650/2 ,and 5 pounds on 2200/2 rayon cords. The standard 
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practice is to flex the cord-containing straps for 10 hours, though in preliminary 
experiments shorter flexing periods were used. Thermocouple measurements 
indicate that, normally, the temperature of the straps rises 40° or 50° F during 
the first 1.5-hour flexing, and becomes constant thereafter. 

Measurement of Adhesive Force-——On completion of the fatiguing, five 
H-specimens are cut from each strap, thus providing ten specimens for each 
dipped cord sample. Six specimens are obtained from each strap containing 
the unflexed (static) cord samples. The H-specimens are formed from a 1-inch 
length of strap by stamping out, with a special 3-edge die, a 0.25-inch section 
of the strap on both sides of the central cord. This operation cuts out four of 
the cords, and leaves the }-inch end sections connected by a single cord. The 
practice has been to remove carefully the rubber sheath remaining around this 
central cord. 

With these preparatory operations completed, the H-specimens closely 
duplicate those obtained by the procedure outlined for the static H test?. Sub- 
sequent operations are carried out essentially as recommended for that test. 
The actual adhesive-force (pull-out) tests are made on a Scott X-3 tire cord 
tester equipped with the special H-test jaws. These pull-out tests are made 
only with the specimens at room temperature; the pulling-clamp speed is 12 
inches per minute. 

The adhesive force measured is that required to break the bond in shear 
between the cord and enveloping rubber along a ?-inch length of the cord. 
However, in order to render the results comparable to those of other tests, they 
are reported as specific adhesive force, which is obtained by dividing the ob- 
served force by the embedded length of cord, 3-inch. Specific adhesive force 
thus is expressed in pounds per inch. As by far the most tests are made on 


samples of a single gage and construction, the results are rarely expressed as 
characteristic adhesion, in which adjustment is made for differences in gage be- 
tween cord samples. 


STUDIES OF FEATURES OF METHOD 


Loading of Cords During Flexing.—In the initial experiments on the roller- 
flexing method, the load on the strap was applied directly to the central cord in 
the band of five, so as to produce a shearing action between this cord and the 
adjacent cords and rubber. This central cord, at the clamped end of the strap, 
was brought out of the strap, or cut off so as not to be under direct tension from 
the stationary support. This method of loading had a disadvantage in that 
there was frequent breakage of the cord at the knot supporting the load during 
flexing. Accordingly, a method of loading the nge in such a way as to dis- 
tribute the force more widely was sought. 

Two new methods of loading were tried. In one method, all cords were cut 
off at the free end of the straps. A metal plate was fastened to each strap with 
machine screws, and the load was applied through a heavy cord tied to a metal 
ring in the plate. In the second method, all five cords of the straps were 
brought out the free end and tied as a single strand to the load-supporting cord, 
as described above. In both methods, the central cord was left intact at the 
clamped end of the strap, so that there was no longer the possibility of a shear- 
ing action on the central cord. 

To compare the three methods of loading, two fatigue straps employing 
each of the methods were mounted on the machine. The same cord sample, a 
dipped rayon cord, was employed in all the straps. Flexing was for 10 hours 
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with a 5-pound load on all straps, the speed of operation being 290 cycles per 


minute. 
The specific adhesive forces, based on ten H specimens each, were found to 


be as follows: 
Ib./inch 


Load supported 
On central cord only (original method) 18.1 
By metal clamps 19.7 
By all five cords 19.2 


Within this experiment there is, between the various methods of loading, no 
significant difference in the influence on dynamic adhesion. Accordingly, it was 
concluded that measurements obtained by the original method of loading are 
equivalent to results obtained when all five cords are loaded with the same 
weight. 

Influencing of Flexing Period on Adhesion.—A test was undertaken with a 
view to obtaining some indication of the optimum flexing time on the Roller- 
Flex machine. In the initial experiments with the machine, 3- and 5-hour 
flexing periods were employed. These periods generally produced declines in 
adhesion below that of the unflexed control, and they were sufficiently short to 
provide a quick efficient test. However, there were indications that even the 
5-hour period was merely depressing the adhesion of all samples alike, and was 
not sufficiently long to introduce the differential deterioration which would be 
effective in determining the relative merits (with respect to adhesion) of a cord 
or dip in a tire. 

It is obvious that a dynamic-fatigue method which preserves the rank of a 
set of samples in a static adhesion test (even when the samples are considered to 
have a different rank for performance in tires) offers no advantage over the 
much simpler static test. It was thought desirable, therefore, to determine 
whether substantially different fatigue rankings among samples could be 
brought out by longer flexing periods. It was expected that the data would 
provide an objective basis for selecting the optimum flexing period. 

Rayon cords of 220/2 construction, treated with four different dips, were 
obtained for the test. Preparation of the test straps and the testing procedure, 
except for the variations in flexing period, were essentially as already described. 
Loading of the straps on the machine was by the original central-cord method. 
The straps and their embedded cords were flexed for 3, 5, 7.5, 10, 12.5, and 15 
hours. Adhesion measurements were also made on unflexed (static) samples. 
The results are plotted in Figure 4. 

All four cord samples show a consistent initial decline in adhesion as the 
flexing period is prolonged. In three of the samples (A, C, and D) this decline 
appears to be arrested after about 6 or 8 hours of flexing, but in sample B the 
decline is accelerated at the longer times. The results on sample B show that 
there may be types of dips which have impressive static adhesion but such poor 
fatigue resistance that after a period of flexing their adhesive bond strength 
drops to, or below, that of dips which are inferior in static adhesion but better 
in flexural fatigue resistance. Thus, in the present experiment, sample B has a 
static adhesive force about 8 pounds higher than that of sample D. After 15 
hours of flexing, however, the difference is only about 1.5 pounds, which is not 
statistically significant. 

The results plotted in Figure 4 indicate that to get a complete picture of the 
relative fatigue resistance of the different samples the flexing might have been 
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carried on for a full day, or even longer. Whether the test straps could endure 
flexing for such periods without introducing trouble from severe abrasion and 
cutting is problematic. In any case, however, a shorter flexing period is de- 
sirable in a routine test. After about 8 hours of flexing, « pull-out force char- 
acteristic of the dynamic adhesion of the sample is reached, for most samples. 
Evidently a flexing period of 8 hours or longer would emphasize, between vari- 
ous samples, differences in dynamic adhesion which would have significance for 
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Fig. 4.—Adhesion of dipped rayon cords as function of period of dynamic fatigue. 


performance in tires, whereas with shorter flexing times the differences, being 
smaller, would be likely to be masked by the variance in each sample. On the 
other hand, considerations of practicality in the test would put an upper limit 
on the flexing period. It was concluded that a 10-hour period would be satis- 
factory for demonstrating technically significant differences, without sacrificing 
promptness in securing test results. While Figure 4 does not present good ex- 
amples, 10-hour flexing has been found repeatedly to minimize the adhesion 
rank of dips having poor flexural fatigue properties, as is brought out, for ex- 
ample, by the comparison of results on cords B and C in Table IV. 

Uniformity and Reproducibility —From time to time statistical analyses of 
the results of Roller-Flex tests have been made, with the aim of evaluating the 
uniformity of the method. One such study was made on a group of tests of a 
variety of dipped rayon samples. In the dynamic part of these tests, the load- 
ing during flexing was by the central-cord method, but as it has been established 
that this method gives results equivalent to those obtained by the current 
method of loading; the data are believed to be applicable to the present dis- 
cussion. The pertinent statistics are summarized in Table I. Except where 
noted otherwise, the flexing of the fatigued samples was for 10 hours. The 
results are expressed as measured, without adjustment to unit length of em- 
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The fiducial interval for a significant difference at the 5 per cent level for 
the results in Table I is +2.14 pounds, based on the mean value of the standard 
error. 

TaBLe I 


TypicaL STANDARD Errors AND RANGES IN H TEstTs ON 
Diprep Rayon Corps NaTuRAL-RuUBBER SKIM SrTock 


Test 
no. Sample 


36 C, unflexed 
C, fatigued 3 hours 


39 B, unflexed 
B, fatigued 
C, unflexed 
C, fatigued 


EK, unflexed 
F, fatigued 
G, fatigued 
H, unflexed 
J, fatigued 


J, fatigued 
D, unflexed 
D, fatigued 


Means 


Made later was an analysis of tests conducted over a 2-month period on the 
dipped 2200/2 rayon cords sample D which was used as a basic control cord, 
i.e., was included as a sample in a number of independent tests to provide a cri- 
terion for comparison between tests. A natural-rubber skim stock was used in 
all tests. The pertinent statistical quantities found, for both static and dy- 
namic conditions, are given in Table IT. 


TaBLe II 


TypicaL VARIABILITY IN ADHESIVE Force MEASURED ON DippEp 2200/2 
Rayon Corp By RoLLeR-FLEx Metuop 


Statice (unflexed) results Dynamic (fatigued) results 

Mean Square Mean Square 

adhesive standard Standard adhesive standard Standard 
force error error force orzo 


(Ib.) (Sz)? Sz (Ib.) 


12.32 0.15560 Bs}! 8.30 0.08917 

12.27 0.08100 7 9.62 0.11840 

10.62 0.08760 B 9.25 0.13729 

10.25 0.03883 . 0.10896 

11.12 0.09803 0.09793 

10.21 0.07187 : : 0.06007 

9.75 0.05966 0.08232 

12.58 0.24470 AS 9.0: 0.11364 

11.48 0.17770 0.10764 

9.64 0.11200 0.03056 

Means 11.02 0.11270 I. . 0.09460 

Mean specific 
adhesive force 

(Ib. /inch) 29.04 


Standard 

(Sz, Ib.) (lb.) 
ee 0.72 8.80 
0.79 6.65 
1.00 9.95 
0.72 8.85 

} 0.48 6.85 
0.57 5.10 
47 0.94 9.25 

— 48 0.40 4.00 
36 4. 

ak 49 0.88 8.75 
a 54 1.01 8.00 
gh: 0.28 3.25 

0.36 3.25 

| j 0.68 6.99 

0.30 
0.34 
0.37 
0.33 
0.31 
0.24 
0.24 
0.33 
0.302 
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Using the root mean square standard error, the fiducial interval for sample 
D (for a significant difference at the 5 per cent level) was found to be +0.99 
pound (for 11 or 12 specimens) for the static tests, and +0.92 pound (for 9 or 
10 specimens) for the dynamic tests. 

The results given in Tables I and II disclose that the fiducial interval for 
experimental samples in general is larger than that for the basic control cord D, 
viz., +2.14 pounds vs. about +0.95 pound (mean of the above +0.99 and 
+0.92 pound). A more comprehensive review of the data revealed that the 
smaller fiducial intervals for sample D were not the result of improved uni- 
formity in the test method, but simply represented superior uniformity in 
sample D. It was concluded that +2.14 pounds should be accepted as the 
fiducial interval for the comparison of samples in general. In terms of specific 
adhesive force the fiducial interval (5 per cent level) is +6 pounds per inch, 
given approximately by the quotient +2.14 pounds + }-inch. 

More recently a dipped 1650/2 rayon cord has been adopted as a basic con- 
trol cord. The results of a number of static and dynamic tests on this sample 
are assembled in Table III to demonstrate the reproducibility attainable with 
this sample. 

TaBLe III 


REPRODUCIBILITY OF ADHESION MEASUREMENTS ON DipPpep 1650/2 
Rayon Corv sy RoLLER-FLEX METHOD 


(Natural-rubber skim stock) 
Specific adhesive force 


Flexing conditions 
A. 


Static Dynamic. —, 
Test (unflexed) (fatigued) Load Time 

no. (Ib./inch) (Ib./ineh) (Ib.) (hours) 
258 37.6 32.6 4 10 
38.3 27.4 4 10 
259 34.4 28.3 4 10 
260 40.2 29.2 5 10 
262 37.5 28.1 4 15 
263 34.6 32.7 4 10 
264 35.5 31.2 4 10 
267 41.5 32.7 4 10 
269 39.2 35.2 4 10 
270 40.0 31.4 4 10 
272 43.2 36.0 4 10 
277 38.6 36.5 4 10 
280 31.0 28.1 4.5 10 
284 34.1 28.6 4 10 

Mean specific 
adhesive force 37.5 31.3 


CORRELATION WITH TIRE TESTS 


The ultimate criterion of the value of such a test as the Roller-Flex method 
is its correlation with the performance (with respect to adhesion) of dips in tire 
service. Furthermore, an adequate correlation requires a rather wide range 
of values of the variables which are to be correlated. Not many road-service 
test data on the adhesion performance of dips in tires, having low as well as 
high endurances (miles to failure) under comparable conditions, are available. 

One of the best sets of test fleet results for correlation purposes is given in 
Table IV, along with Roller-Flex test results. The same style of fabric and cord 
construction (2200/2 rayon) were used in all experimental tires. The only 
feature that differed among the cord samples was the dip. The tire tests were 
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IV 


CORRELATION OF Sratic AND Dynamic ADHESION (10—-—Hour FLEx1NG) 
with Roap Test ENDURANCE 


Roat-service tire tests 
A. 


Mean adhesive force 
A 


Mileage 
Static Dynamic at failure Ty 
Cord (unfliexed) (fatigued) or removal o 
sample Ib.) (Ib.) (miles) failure 


M 19.8 14.4 25,901 Worn to fabric 


Worn to fabric 


Flex break 


Flex break 
Flex bfeak 
Worn to fabric 
Flex break 


Flex break 
Flex break 
Body break 
Flex break 


run in a way that was believed to accelerate adhesion failure, the evidence for 
which was taken to be flex breaks. The same data are plotted in Figure 5. 
The results given in Table 1V and Figure 5 indicate that there is a correlation 
between residual adhesion after 10-hour flexing and endurance in test fleet 
service. While 5-hour flexing is not part of the regular procedure, the same 
fabric samples were fatigued for this period also. In this particular experiment, 


T 
©=MEAN MILEAGE FOR 
= PARTICULAR TIRE 
SPECIFICATION 


(Les) _ 


B 


1 
af; TIRE WORN TO FABRIC OR 
REMOVED WITH NO FAILURE 


MEAN ADHESIVE FORCE 


30 


15 20 
ROAD TIRE TEST ENDURANCE MiL.ES) 


Fie. 5.—Correlation of H-test adhesion after 10-hour fatiguing with endurance in road tests of tires. 
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even better correlation with fleet-test results was found than for the 10-hour 
flexing, though in general 5-hour flexing was found to be inadequate. 
Quantitatively, the comparison of the results in Table IV on sample B 
(having a stiff dip) with those on sample C confirms the indications of Figure 4, 
namely, that while cord B initially has adhesion superior to that of cord C, the 
former suffers a substantial loss during flexing, while the adhesion of the softer 
dip on sample C is well sustained. 


SUMMARY 


A practical reasonably quick method for evaluating the resistance of the ad- 
hesive bond between tire cord and rubber stock to flexural (dynamic) fatigue 
has been developed. The method employs the Roller-Flex machine, on which 
the test cords, cured in rubber and under tension, are subjected to rapid cyclic 
flexure by being passed back and forth around small steel rollers. The resist- 
ance of the adhesive bond to dynamic fatigue is evaluated by a measurement of 
the cord adhesion by the familiar H pull-out test, after the sample has been 
flexed on the machine for a 10-hour period. There is a continual decline in cord 
adhesion as the flexing period is prolonged. Ten hours were selected as the 
flexing period in the standard test. A difference of 6 pounds per inch between 
samples was found necessary for significance at the 5 per cent level. Dynamic 
adhesion measurements by this method have been found to correlate reasonably 
well with adhesion performance in road tire tests. 
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QUANTITATIVE DETERMINATION OF NATURAL 
RUBBER HYDROCARBON BY REFRACTIVE 
INDEX MEASUREMENTS * 


RacwHet J. FANNING AND NORMAN BEKKEDAHL 


Nationa, Bureau oF STANDARDS, WasHineTon, D. C. 


\ The rubber hydrocarbon in a sample of crude natural rubber can be deter- 

mined quantitatively by measuring the refractive index of a solution containing 
a known weight of acetone-extracted rubber in a known weight of solution. 
The procedure requires a knowledge of the values of the densities and refractive 
indexes of both the rubber hydrocarbon and the solvent. 

A suitable solvent should be able to dissolve the rubber in appreciable con- 
centration, preferably up to 40 per cent by volume. The value of refractive 
index must be very stable, and must be unaffected by heating required to pro- 
duce solution. It must also have a refractive index very different from that of 
the rubber hydrocarbon. For the present study 1-bromonaphthalene was 
used as the solvent. 

In addition to rubber hydrocarbon, crude natural rubber contains moisture, 
resins, proteins, ash, and other minor components. The moisture can be re- 
; moved by heating, and the resins can easily be removed by acetone extraction. 

However, it is more difficult to separate the proteins, ash, and other components 
from the rubber hydrocarbon. The method of analysis presented here does 
; not require this separation, but involves dissolving the dry acetone-extracted 
rubber in a solvent. The assumption is made that all the material remaining 
in the acetone-extracted rubber, with the exception of the rubber hydrocarbon, 
is insoluble in the solvent and consequently bas no influence on the refractive 
index of the solution. A second assumption is that the refractive index of a 
solution of rubber hydrocarbon in a solvent is a linear function of the volume 
percentage of the rubber hydrocarbon in solution. These two assumptions 
appear to have been justified by the results obtained from measurements made 
on a selected group of samples of natural rubber, including plantation rubbers, 
purified rubber, and a variety of wild rubbers. 


PROCEDURE 


The sample of rubber used for the analysis should give about 1.1 grams of 
rubber after extraction with acetone. It is either sheeted to about 0.5 mm. in 
thickness or cut into small pieces and weighed. It is then extracted with ace- 
tone according to the method of the American Society for Testing Materials’. 
The acetone-extracted sample is dried in a vacuum oven for about 1 hour at 
100° C, and weighed again. A 30 cc. beaker containing a stirring rod is weighed; 
and the rubber sample, after having been cut into small pieces, is put into it. 
By means of a pipet, or some suitable measuring device, about 3 cc. of 1-bromo- 


* Reprinted from Analytical Chemistry, Vol. 23, No. 11, pages 1653-1656, November 1951. This paper 
was presented before the Division of Rubber Chemistry of the American Chemical Society at its meeting 
in Washington, D. C., February 28-March 2, 1951. 
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naphthalene is added to the beaker containing the sample. A second beaker of 
similar size containing the same quantity of solvent, but no rubber, is prepared 
for the purpose of checking the constancy ot refractive index of the solvent dur- 
ing the process. The index of refraction of the 1-bromonaphthalene in the 
beaker is measured, and the temperature is noted. 

The two beakers with their contents are covered with watch glasses and 
placed in an oven at 140° C to facilitate solution of the mixture. After about 
30 minutes in the oven, the beakers are removed, the mixture is stirred, and the 
beakers are replaced in the oven. The hot mixture is stirred at intervals of 
about 10 to 15 minutes for an hour or more until a homogeneous solution is 
obtained. It is stirred while cooling, and then weighed. There fractive 
indexes of the contents of each of the beakers are measured by means of an 
Abbé-type refractometer. Techniques might be developed, however, for the 
use ot other types of refractometers. These measurements are made on several 
portions of the solution, and unless the averages of the indexes of each portion 
are reproducible to at least 0.0001, the whole determination is repeated. The 
solvent, in order to be suitable for the determination, should not have changed 
in refractive index by more than 0.0001. 

All measurements of density and refractive index must be converted to 
values at 25° C before they can be applied to the equation for calculating the 
results. Adjustment of the density of the 1-bromonaphthalene is made by 
applying the density coefficient (1/p)(dp/dT'), of —673 X 10~® per degree centi- 
grade. Coefficients for adjusting the refractive indices are —462 X 10~® for 
1-bromonaphthalene, and —434 X 10-6 for the mixture of rubber and 1-bromo- 
naphthalene in the strengths used in the procedure just described. 

The rubber hydrocarbon content, in percentage by weight, in a sample of 
natural rubber is calculated from the equation: 


M-E ns ny 90.6 
RHC = ( D ) ( R ) 


in which M is the weight of the mixture of extracted rubber and solvent in the 
beaker, £ is the weight of extracted rubber in the mixture, D is the density of 
the solvent in grams per ml. at 25° C, R is the weight of the sample of rubber 
before extraction with acetone, ns is the refractive index of the solvent at 25° C, 
and ny is the refractive index of the mixture of rubber and solvent at 25° C. 


PHYSICAL CONSTANTS 


The analytical procedure requires knowledge of some of the physical con- 
stants of the rubber hydrocarbon and the solvent, 1-bromonaphthalene. These 
constants for rubber have been surveyed by Wood,’ who selected from these 
values the ones which he thought to be the best. For the solvent, 1-bromo- 
naphthalene, reliable values were not found in the literature, and therefore had 
to be determined. 

Rubber Hydrocarbon.—The density of purified rubber hydrocarbon has been 
given by McPherson’ as 0.9060 gram per ml. at 25° C. This is somewhat 
lower than the 0.911 value taken for commercial raw rubber’, but this is to be 
expected because of the absence of proteins in purified rubber. The densities 
of the proteins are probably greater than unity. 

The refractive index of highly purified rubber has been measured by Mc- 
Pherson and Cummings‘ and found to be 1.5190 for the D line at 25° C. In 
the present investigation a sample of purified rubber was also_prepared, and 
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refractive indices made on this rubber by the method of Arnold, Madorsky, 
and Wood® were found to range between 1.5188 and 1.5190. These results 
agree very well with that given by McPherson and Cummings, and the value of 
1.5190 is suggested for use in the present procedure, as the rubber prepared by 
the earlier investigators was the more highly purified. Wood and Tilton® in 
measurements on unpurified rubber found the rate of change of refractive index 
with temperature to be —370 X 10~® per degree centigrade. The method they 
used is capable of greater precision than that employed by the other investiga- 
tors, and consequently their value for rate of change of index is used. 

Solvent—The density of the solvent 1-bromonaphthalene was determined 
by the use of a picnometer. As several samples varied in density between 
1.475 and 1.489 grams per ml. at 25° C, it can easily be seen that the density 
must be determined for each new batch of solvent used. By the method of 
volume dilatometry’ the expansivity of the 1-bromonaphthalene was deter- 
mined to be 673 X 10~* per degree centigrade between 10° and 40° C. This 
value was therefore used to determine the density at 25° C when measurements 
were made at other temperatures. 

Different batches of 1-bromonaphthalene used in this investigation had 
refractive indexes varying between 1.6547 and 1.6567 at 25° C. By measure- 
ment of the index of a given sample at temperatures ranging from 10° to 60° C, 
a value for the temperature coefficient was found to be —462 X 10~* per degree 
centigrade. Corrections to 25° C were, therefore, made using this figure. 

Mizture.—Refractive index measurements made on the rubber-solvent 
mixtures must be adjusted to 25° C. The values for the temperature coeffici- 
ent of refractive index as previously reported, —462 X 10~® for 1-bromonaph- 
thalene and —370 X 10~® for rubber hydrocarbon, yield a coefficient for a 30 
per cent mixture by volume of the rubber in the solvent equal to —434 X 107 
per degree centigrade. 


DISCUSSION OF PROCEDURE 


In the equation previously given, the factor (M — E)/D represents the 
volume of the solvent in the mixture. The factor (ng — ny)/(naz — 1.5190) 
represents the ratio of the volume of the rubber hydrocarbon in the mixture to 
that of the solvent if linear relationship is assumed, as it can easily be seen from 
Figure 1 that in the similar triangles the ratio of the difference of ordinates (re- 
fractive indices) is equal to the ratio of the difference of abscissas (volumes). 
The second factor, obtained from refractive index measurements, when multi- 
plied by the first factor, therefore gives the volume of rubber hydrocarbon in 
the mixture. The product, when multiplied by the density of the rubber hy- 
drocarbon, 0.9060 gram per cc., gives the weight of the rubber hydrocarbon. 
This weight, multiplied by 100, and divided by the weight R of the original 
sample, gives the percentage by weight of rubber hydrocarbon in the original 
sample. 

Care must be taken that the precision of measurement of the various quanti- 
ties is adequate. The weights and the density should be determined to at least 
one part in a thousand. The extracted rubber sample must be dried to con- 
stant weight, so as not to introduce an error in this weight. The presence of 
acetone, however, causes no error in the reading of the refractive index of the 
mixture, as it was found that the heating drives off all traces of acetone. The 
density of the 1-bromonaphthalene solvent should be redetermined each time a 
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new batch of the solvent is used, as it varies considerably from one bottle to 
another, even when furnished by the same manufacturer. 

Because of the subtractions involved in the second factor in the equation, 
the refractive index measurements must be made as precisely as possible. A 
good general reference on refractometry, such as that of Bauer and Fajans,°® 
should be consulted for techniques of measurement. If five to ten measure- 


REFRACTIVE INDEX, nN 


SOLVENT 


RUBBER HYDROCARBON CONTENT, VOLUME PERCENT 


Fig. 1.—Schematic diagram of relation between refractive index and composition of solutions. 


ments are made on each of several portions of the sample, and average value 
for the refractive index can be obtained by means of the Abbé-type of refractom- 
eter, for which the precision is better’ than 0.0001. The fifth decimal place 
should be retained for purposes of calculation. 

If the refractive index value of the solvent has undergone a change by more 
than 0.0001 as a result of heating in the 140° oven, the use of this solvent is 
questionable in view of the evidence of some permanent chemical change in it. 
When such a change is noted, the batch of solvent should be purified or a more 
stable batch obtained. From a number of different supplies of 1-bromonaph- 
thalene tested, it was found that in most cases the solvent was suitable for this 
work as received, but in a few instances there was a change of refractive index 
so great that it was thought inadvisable to use the solvent without purification. 

The refractive indexes of several portions of the mixture of rubber and solv- 
ent should be measured. If the average values of several portions do not agree 
with each other, there is indication that the solution is not uniform and that the 
stirring or the time of solution was not sufficient. 

The size of the rubber sample to be used for the analysis and the quantity of 
solvent for solution of the rubber hydrocarbon are dependent on several factors. 
Figure 2 presents a curve which shows the percentage error in the determination 
of rubber hydrocarbon caused by an error of 0.0001 in reading the refractive 
index of the solution. The greatest precision is obtainable for a mixture of 
equal quantities by volume of the rubber hydrocarbon and the solvent. Solu- 
tions of this concentration are, however, so viscous that it is difficult to stir 
sufficiently to produce a uniform mixture. Moreover, the great stickness 
causes difficulty in separating the prisms of the refractometer after the readings 
have been taken. In one case the solution held the prisms together so tightly 
that when sufficient force was used to separate them, one of the prisms was 
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broken loose from its position and had to be reset. On the other hand, the 
error of the determination is increased if the concentration of the solution is too 
low. Concentrations as low as 30 per cent by volume of rubber hydrocarbon 
do not appreciably affect the precision of the analysis, and the viscosity of the 
solution is sufficiently low to permit satisfactory manipulation both in the 
beaker and in the refractometer. 
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ERROR, PERCENT 
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Fia. 2.—Error of determination of rubber hydrocarbon at various concentrations. 
Caused by error of 0.0001 in refractive index of solution. 


It was found desirable to use about 3 cc. of 1-bromonaphthalene for each 
determination. This quantity does not need to be measured very precisely at 
the time of addition, but the use of a pipet was found to be very convenient. 
Some evaporation of the solvent takes place in the oven at 140° C, and there- 
fore the amount of solvent must later be determined by weighing. As the rate 
of evaporation of the solvent varies under different heating conditions, the 
quantity of rubber to be used to produce a mixture of about 30 per cent by 
volume will also vary. The weight of rubber sample recommended for the 
analysis may, therefore, have to be adjusted, depending on the particular con- 
ditions of test. Samples appreciably larger than that recommended here are 
extracted less efficiently by the acetone. If the samples are considerably 
smaller, either the volume of the mixture is too small for efficient stirring or the 
concentration of the solution is too low for good precision. 

Solution of the extracted rubber is greatly facilitated by cutting the sample 
into small pieces. In a study made on the solution of rubber in 1-bromonaph- 
thalene at various temperatures, it was found that temperatures lower than 
140° C increase greatly the time required for solution and also make stirring 
more difficult because of the greater viscosity. Solution at temperatures con- 
siderably above 140° C gave more rapid solution, but the results were ab- 
normally high. It was thought that the protein molecules decompose at these 
high temperatures, and then dissolve in the 1-bromonaphthalene. In order to 
obtain a uniform solution within a reasonable period of time without breakdown 
of the nonrubber components, the directions of the procedure should be fol- 
lowed closely. 

RESULTS OF EXPERIMENT 


The rubber hydrocarbon content of a large number of rubber samples was 
determined by both refractive index measurement and the chromic acid oxida- 
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tion method developed by Burger, Donaldson, and Baty®. Quantitative meas- 
urements were also made for the acetone-extractible material by the method of 
the American Society for Testing Materials', and for material insoluble in 
toluene and acetone'®. The results of these analyses are summarized in Table 
I. All values reported are the averages of at least three individual determina- 
tions. 


TABLE 
Resutts oF ANALYSES OF VARIOUS TyPES OF NATURAL RUBBER 


Rubber Total 
hydrocarbon accounted 
RIe Acetone In- RIe CAO» 
Type of natural method method Extract solubles method method 
rubber % % % % 
Ribbed smoked 
sheet 94.1 93.2 3.6 2.2 99.9 99.0 
Blended smoked 
sheet 93.9 94.6 3.3 2.1 99.3 100.0 
U\S.F.¢ 93.9 93.9 3.0 2.4 99.3 99.3 
Hevea benthamiana 94.7 93.5 2.8 2.1 99.6 98.4 
Hevea pauciflora 80.7 81.5 16.7 2.0 99.4 100.2 
Castilloa 84.9 85.2 11.6 2.4 98.9 99.2 
Landolphia 89.0 89.3 ta 1.4 98.1 98.4 
Funtumia 88.0 88.9 6.4 2.5 96.9 97.8 
Clitandra 89.3 89.6 5.8 4.6 99.7 100.0 
Ficus vogelli 85.7 85.3 8.6 3.7 98.0 97.6 
Purified 1 98.8 97.5 0 4 99.9 98.6 
Purified 2 98.9 — 0 e 99.6 _ 
« Refractive index method as described in this paper. 
+’ Chromic acid oxidation method", 
¢ Special rubber prepared by United States Rubber Co. 
4 Sample contained 0.8% ash and 0.3% proteins. 
¢ Sample contained 0.4% ash and 03% proteins. 
The rubber samples which were analyzed range from purified rubber having 


a rubber hydrocarbon content of about 99 per cent down to some wild rubbers 
containing only about 80 per cent. The average deviation between values ob- 
tained by the two methods is about 0.6 per cent. In some cases the refractive 
index method shows the higher results, and in other cases the reverse is true. 
There seems to be a tendency, however, for the refractive index method to give 
slightly lower results. In most instances, especially for the higher grade rub- 
bers, the sum of the rubber hydrocarbon, the acetone extract, and the “insolu- 
bles” is close to 100 per cent. This indicates that the values obtained for the 
rubber hydrocarbon content by these methods are close to that values obtained 
by the method of differences". 

An attempt was made to purify rubber directly from preserved latex by a 
method based in part on that of Smith”, in which the latex was first dialyzed, 
treated with sodium carbonate and trypsin to destroy the proteins, creamed 
several times after the addition of sodium hydroxide, and finally dialyzed again 
to remove the salts and alkali. The rubber was coagulated with acetone con- 
taining phenyl 8-naphthylamine (phenyl-2-naphthylamine), which was added 
as an antioxidant for the rubber hydrocarbon. The coagulated rubber, which 
then contained some of the antioxidant, was placed in a jar containing benzene, 
and stored at dry-ice temperatures. It was placed in a system attached to a 
vacuum pump for about 3 days while in the frozen condition, and then dried for 
1 hour at 100° C under vacuum to liberate the moisture. It was next extracted 
with acetone to remove the antioxidant and other materials soluble in acetone. 
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Analysis of the purified rubber showed that most of the proteins had been 
removed, but that some of the salts added during the purification process were 
not totally removed. A water extraction of a portion of the purified rubber 
sample decreased the ash content from 0.8 to 0.4 per cent. Analysis of these 
samples by the refractive index method shows that they contain about 99 per 
cent rubber hydrocarbon, and as the remaining 1 per cent is roughly accounted 
for by the ash and the proteins, the indications are that the method gives fairly 
reliable results. 

In order to study the reproducibility of the method, determinations were 
made of the rubber hydrocarbon content of a number of samples from the same 
bale of ribbed smoked sheet. Analyses of sixteen samples by the chromic acid 
oxidation method" gave an average value of 93.18 per cent of rubber hydro- 
carbon. 

Tests on nine samples by the rubber bromide method of Willits, Swain, and 
Ogg" gave an average of 93.26 per cent. For 42 measurements by the method 
of the refractive index a value somewhat higher was obtained, 94.14 per cent. 


TaBLeE ITI 


Errect oF Time oN HEATING RUBBER SOLUTION ON 
DETERMINATION OF RUBBER HYDROCARBON 


Rubber Deviation 
Time of heating hydrocarbon from 
at 140°C content average 
(hours) (%) (%) 
2 94.0 +0.4 
3 93.8 -—0.1 
4 94.1 +0.2 
5 93.6 —0.3 
6 94.0 +0.1 
7 93.7 —0.2 
8 94.0 


Rubber hydrocarbon 
content (average) 93.9 +0.2 


The average deviations for the three methods were, respectively, 0.44, 0.21, 
and 0.29 per cent. A test was also made to determine the effect of time of heat- 
ing the rubber solution in the oven at 140° C on the determination of the rubber 
hydrocarbon. Results of analysis on seven samples of rubber heated for vari- 
ous periods of time, given in Table II, indicate no trend to higher or to lower 
values as the time of heating is increased. 


CONCLUSIONS 


The accuracy of the determination of the rubber hydrocarbon content by 
refractive index measurement depends on a number of tactors. Errors in 
weighings and density measurements cause an approximately equivalent error 
in the results of the analyses. 

As can be seen from Figure 2, at a concentration of 30 per cent rubber hydro- 
carbon by volume a change of 0.0001 in refractive index reading of the mixture 
or rubber in the 1-bromonaphthalene will cause a change of 0.35 per cent in the 
results. Very clear and sharp refractometer lines are usually obtainable from 
the mixture, and the mean of one series of observations very seldom differs from 
the mean of another series on the same sample by more than 0.0001. An error 
of 0.0001 in index for the 1-bromonaphthalene solvent will produce an error of 
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about 0.2 per cent. The error should not be so large as this if the solvent is 
stable at 140° C. An error of 0.0001 in index for the rubber hydrocarbon pro- 
duces an error of only 0.1 per cent. 

The precision of the determination of rubber hydrocarbon could be im- 
proved if a suitable solvent could be found which had an index higher than that 
of 1-bromonaphthalene. As it is probably not practical to increase appreci- 
ably the precision of the refractive index measurements, the most promising 
means for increasing the precision and accuracy of this method is to find a 
solvent with a higher refractive index. 

The refractive index method makes use of equations involving only meas- 
ured physical constants and no empirical correcting terms. The chromic acid 
oxidation method of Burger, Donaldson, and Baty™ and the rubber bromide 
method of Willits, Swain, and Ogg" both make use of empirical factors in the 
calculation of the rubber hydrocarbon content. Gowans and Clark'’, however, 
have recently reported an improvement in the bromination procedure almost 
to the point where the theoretical factor is applicable. 

The chromic acid oxidation method can be applied to either unvulcanized 
or vulcanized rubber and also to mixtures of natural and synthetic rubbers. 
Unfortunately, the rubber bromide and the refractive index methods are ap- 
plicable only to unvuleanized natural rubber. The precisions of the bromide 
and the refractive index methods are about the same, but both these methods 
give better precision than the chromic acid oxidation method. The refractive 
index procedure is less complicated, and requires a smaller proportion of the 
operator’s time. Its greatest asset, however, is the ease with which a large 
number of determinations can be made at the same time. 

This technique may be found applicable not only to natural rubber, but also 
to synthetic polyisoprenes and other solvents. However, the physical con- 
stants for the materials and also the validity of the assumptions must be care- 
fully checked, since the isomeric forms of the units in the polyisoprenes may 
influence the constants from sample to sample. 


SUMMARY 


Rubbers from different sources vary considerably in rubber hydrocarbon 
content, from 70 per cent or less for some of the wild varieties to about 95 per 
cent for a good grade of plantation rubber. The quality of a rubber is meas- 
ured to a great extent by the percentage of rubber hydrocarbon. A new pro- 
cedure for the quantitative determination of this hydrocarbon has been de- 
veloped, which involves the measurement of refractive index of a solution of a 
known weight of acetone-extracted rubber in a known weight of 1-bromonaph- 
thalene. From the observed data and from other previously determined or 
known physical constants, such as the densities and refractive indexes of the 
rubber hydrocarbon and the solvent, the percentage of hydrocarbon in the 
original sample can be calculated. This new method gives results as good as, 
or better than, other existing methods, and is simpler and less time-consuming 
to perform. 
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A TEST FOR CRYSTALLIZATION EFFECTS 
IN RUBBERS * 


J. R. Beatry 


B. F. Goopricn Researcn Center, Brecksvitie, Onto 


The stiffening of rubberlike materials at low temperature involves several 
different phenomena, sometimes with their effects superimposed. Methods of 
measuring the instantaneous effects of low temperature have already been de- 
scribed by several investigators'. In addition there are the effects of time’, 
stress’, and combinations of time and stress‘ at low temperatures which have 
been ascribed to crystallization. Comparison of diffraction patterns and 
elasticity measurements indicated that a dynamic modulus test provided a much 
more sensitive measurement of the changes which were taking place in the 
rubber than the diffraction patterns‘. 

This dynamic modulus test, however, involved a complex sample which was 
difficult to make; so it seemed desirable to develop a test which would be 
equally sensitive to small increases in crystallization, use a specimen from a 
standard tensile sheet, and utilize either existing or easily constructed equip- 
ment. 


TESTING EQUIPMENT AND METHOD 


Various means of testing including tensile modulus and retraction tests 
were studied. Both of these methods of test have the advantage that only 
short times are necessary for a considerable degree of crystallization to take 
place, as stress, which is easily imposed in these tests, accelerates crystallization 
due to low temperature. 

The retraction tests were found to have a number of disadvantages. Chief 
of these was the low order of discrimination between stocks which had previ- 
ously been tested by other means of crystallization* and found to have large 
differences in crystallinity. This condition is probably due to lack of separa- 
tion of second-order transition effects from crystallization phenomena. z-Ray 
diagrams show that considerable crystallization takes place in easily crystalliz- 
able rubbers at even moderate elongations on cooling to —70° C, even when 
this cooling is very rapid. The separation of stiffening effects due to second- 
order transition and crystallization are, therefore, difficult because of this 
situation. 

The tension test finally adopted operates with a constant load of 100 lb. 
per sq. in. on the original cross-section of a standard ASTM dumbbell to ac- 
celerate crystallization, with the modulus determined by the measurement of 
the additional deformation when a load of 20 lb. per sq. in is added. This 
measurement is made at zero time and at suitable intervals thereafter, with the 
zero time that time at which the sample has attained equilibrium temperature. 
Deflections may be measured conveniently by a cathetometer. In early work, 
however, a 0.01-inch graduated rule was found to be satisfactory. Figure 1 is 


* Reprinted from the India Rubber World, Vol. 125, No. 4, pages 438-439, January 1952. 
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a diagram of a typical arrangement for a top opening cold box. This test, 
however, may be conducted in any type of cold box, with as many test stations 
as desired. 

The samples are first stressed to 120 lb. per sq. in. for five minutes to remove 
early creep, and then cooled unstressed to the desired temperature, which may 
be chosen to approximate service conditions or for optimum crystallization 


Wa, 


_Ratrigerator Lid 


Low Temperature Box 
With Air Circulation 


ft 


Fig. 1.—Schematic diagram of new crystallization tester for rubber-like materials 


under stress‘. When equilibrium temperature has been established in the 
sample, the 100 lb. per sq. in. load is imposed, and the deflection is read at 15 
seconds after loading. The time of 15 seconds between loading and measure- 
ment of deflection is used throughout the test. The additional deflection due to 
the 20 lb. per sq. in. load is then measured, and this load removed. This meas- 
urement is the zero time deflection. The deflection due to the 20 lb. per sq. in. 
load indicates the modulus, as modulus is proportional to the reciprocal of 
deflection where the force/unit area is constant and: 


force/unit area 
deflection/unit length’ 


modulus = 
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Successive readings of the deflection resulting from the addition of the 20 lb. 
per sq. in. load are made at suitable intervals of time until the test is judged 
complete. It has been found that 24 hours is sufficient time for rating the 
crystallization properties of rubberlike samples. 
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Fic. 2.—Crystallization resistance index versus time for four polymers at 25° C; results from 
both tensile specimens and torsion spring samples. 


The data are reported in terms of crystallization resistance index or abbrevi- 
ated CRI, where CRI is given by 100d,/do, where d, is the deflection at time, ¢, 
and dy the deflection at zero time due to the addition of the 20 lb. per sq. in. 
load. These data are then plotted as a function of time, and from the smooth 
curve thus obtained the 24-hour value is read. The CRI value at 24 hours is 
the usual reported value because of convenience. 

A high CRI value naturally indicates a stock having little tendency to 
crystallize as the deflection due to the 20 lb. per sq. in. load has changed little, 
showing that the reinforcing effect of crystals is at a minimum. 
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TYPICAL RESULTS 


Table 1 gives the crystallization resistance index for four polymers of 
recipes given in Table 2 after 24 hours at —25° C, determined on tensile samples 
and torsion springs at approximately the same average stress. 


TABLE 1 
CRYSTALLIZATION RESISTANCE INDEX aT 24 Hours or PotyMerRsS TESTED 
CRI. CRI 
Polymer % % 
GR-S 81 85 
Butyl 69 — 
Hevea 57 65 
Neoprene GN 34 28 
TABLE 2 
REcIPES 
Neoprene 
GR-S Butyl Hevea GN 
Polymer 100.0 100.0 100.0 100.0 
Zine oxide 5.0 5.0 5.0 5.0 
Fatty acid 3.0 — 3.0 — 
FT carbon black 20.0 20.0 20.0 20.0 
Altax - 0.5 — 
Magnesium oxide — — _ 4.0 
Sulfur 2.0 2.0 3.0 — 
Age resister — —_ 1.0 _~ 


This comparison of CRI values is made on the basis of torsion spring meas- 
urements, since an intensive investigation of crystallization phenomena of the 
latter sample has been reported‘. Correlation of these dynamic elasticity 
measurements with z-ray diffraction patterns showed them to be a sensitive 
measure of the changes taking place as a result of crystallization. The springs 
are difficult to make and test; this difficulty led to the development of the static 
tensile test described. 

The CRI of a tensile sample is computed as described earlier; while the CRI 
of the torsion spring samples is the reciprocal of the ratio of the dynamic spring 
rate (average dynamic modulus of the rubber) at time, t, to the dynamic spring 
rate at zero time. The dynamic spring rates of the torsion spring samples are 
determined from free vibration measurements. Butyl rubber is not evaluated 
by the torsion spring test as the damping is almost critical for this rubber com- 
pound. Figure 2 is a plot of the data secured by the two methods, which agree 
reasonably well. 

SUMMARY AND CONCLUSIONS 


A test has been developed for measuring the stiffening of rubberlike materials 
at low temperature due to crystallization. These measurements are easily 
performed in existing cold boxes and use any simple tensile specimen. Typical 
measurements and results of four polymers are shown. 
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MEASUREMENT OF REFRACTIVE INDEX 
OF ELASTOMERS * 


AURELIA ARNOLD, Invinc Maporsky, AND LAWRENCE A. Woop 


NationaL Bureav or Stanparps, Wasutneton, D. C. 


From a careful study of the factors involved in the measurement of the 
refractive index of elastomers, especially GR-S synthetic rubbers, by means of 
an Abbé type of refractometer, a procedure for measurement has been developed 
which takes advantage of the inherent adhesiveness of most elastomers. This 
adhesiveness enables the polymer to wet the prism of the refractometer without 
the use of a contact liquid. The principle of the method is based on work done 
some years ago on natural rubber by McPherson and Cummings'. The detailed 
procedure has been developed in recent years by a number of different workers 
at the National Bureau of Standards. 

Although the method, as given in this paper, has been described only in 
report form?, it has been used for several years as a basis for the determination 
of bound styrene in copolymers of butadiene and styrene’, and is currently em- 
ployed for control purposes in the government-owned synthetic rubber plants. 
It has also been used by other investigators in determining the percentages of 
rubber hydrocarbon in natural rubber‘ and for locating the second-order transi- 
tion temperatures of natural and various synthetic rubbers'®. 


APPARATUS 


The conventional Abbé refractometer, graduated to the third and read to 
the fourth decimal place, is used for the actual measurements. Water from a 
reservoir at room temperature is circulated through the housing of the measur- 
ing prism and through a cored brass block of about the same length and width 
as the prism housing. 

The temperature of the circulating water is the same as that of the specimen 
only when this temperature is near that of the ambient air. Consequently, it 
is preferable to allow the water temperature to be approximately that of the 
room and to reduce observations to a standard temperature by calculation, 
rather than to maintain the water at the standard temperature in a room that 
may be at an appreciably different temperature. 

The refractometer should be equipped with a thermometer graduated in 
units of 0.2° C or less. If the temperature is not known to about this accuracy, 
errors will be introduced in the fourth decimal place of index. 

The standard glass test-pieces furnished with refractometers for checking 
the scale setting are frequently marked inaccurately, sometimes by as much as 
0.0003. This is of no consequence if the instrument has been calibrated with 
the particular glass test-piece by a standardizing laboratory and the corrections 
furnished by that laboratory are applied to each reading. In the absence of 

* Reprinted from ry oa Chemistry, Vol. 23, No. 11, pages 1656-1659, November 1951. This paper 
was presented before the Division of Rubber Chemistry of the American Chemical Society at its meeting 


in Washington, D. C., February 28-March 2, 1951. The present address of Irving Madorsky is Johns 
Hopkins Physics Laboratory, Silver Spring, Maryland. 


693 


: 


694 


RUBBER CHEMISTRY AND TECHNOLOGY 


such a calibration a standard glass test-piece with an accurately known value 
not too far from that of the rubber may be used. 

The procedure, as given below, provides for a check of the scale of the instru- 
ment with the standard glass test-piece and a readjustment if necessary. Nor- 
mally this adjustment should be required only at intervals of weeks or months. 
If it is necessary to make the adjustment frequently, either the instrument is 
being subjected to severe jars or vibrations or there is an imperfect connection 
permitting relative motion of the prism and index arm. 

For the preparation of the specimens, it is necessary to have available a mill 
of some sort for sheeting out the rubber, conventional apparatus for extraction 
of nonrubber components, and a hydraulic press. The extractant is the ethyl 
alcohol-toluene azeotrope—70 per cent ethyl] alcohol and 30 per cent toluene by 
volume—commonly used with GR-S and designated as E-T-A. The press 
should be capable of being heated to 100° C, and should furnish a force of 50 
to 300 pounds for each specimen—for example, if 10 specimens of 1 square inch 
each are pressed at the same time, a force of 500 to 3000 pounds is used. The 
resulting specimen thickness is usually between 0.010 and 0.030 inch (0.025 
and 0.075 cm.), but is not at all critical for the measurement. It is often diffi- 
cult to obtain good optical contact with the prism when the specimens are ap- 
preciably thicker than the upper value given. 


PROCEDURE FOR GR-S 


The procedure used for GR-S synthetic rubber is described in considerable 
detail. It can readily be modified for measurements on other types of polymers. 

A rubber sample of about 2 grams is first blended by passing it through a mill 
several times, sheeted as thin as possible, so that it is not over 0.020 inch (0.05 
em.) at any point, and cut into strips 1 em. wide and 2.4 cm. long. Each speci- 
men is threaded on a separate Nichrome wire fastened to each corner of a 1-cm. 
square of aluminum sheet. The specimens are then placed in a 400-cc. ex- 
traction flask containing 60 ec. of E-T-A and extracted under gentle reflux for 
2 hours with one change of solvent at the end of the first hour. In the case of 
alum-coagulated rubbers®, (4) E-T-A containing 10 ec. of concentrated hydro- 
chloric acid per liter of solution is used. When acidified E-T-A is used, each 
specimen should be fastened on noncorroding wire attached to squares of non- 
corroding material such as tantalum or platinum. After extraction the speci- 
mens are removed from the flask and dried in a vacuum oven at 100° C for 1 
hour. 

The dried strips are removed from the wire and each specimen is placed be- 
tween two l-inch squares of clean aluminum foil. The specimens are pressed 
with a force of 50 to 300 pounds per specimen and at a temperature of 100° C 
for 3 to 10 minutes depending on the amount of gel present in the specimen. 
After hot-pressing, the specimens are cooled under pressure, either by circulat- 
ing cold water through the press platens or by using a press equipped with both 
hot and cold platens. 

For measurements of index with the Abbé refractometer, the instrument is 
placed with the telescope at a 45° angle with the vertical, on the opposite side 
of the vertical from the position employed during the measurement of the index 
of liquids. The hinged illuminating prism is not used and, consequently, is 
rotated away from the measuring prism. 

The refractometer is checked at least once a day against the standard glass 
test-piece. The test-piece as well as the prism is cleaned with alcohol applied 
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with lens paper, both before and after the adjustment of the instrument is 
checked. Acetone should not be used, because it attacks the cement holding 
the prism in place. The instrument is illuminated with a flashlight bulb or an 
automobile lamp not exceeding 3 candlepower, and a broad diffuse light source 
is obtained by merely covering the bulb with crumpled tissue paper. The 
position of the light source is adjusted to give the most distinct dividing line. 

A small drop of 1-bromonaphthalene is placed on the polished flat surface 
of the test-piece, and the latter is pressed firmly against the measuring prism of 
the refractometer with the polished end toward the light. A minimum amount 
‘of 1-bromonaphthalene is used, so that, when the test-piece is pressed against 
the prism surface, the liquid film does not flow beyond the polished end of the 
test piece and does not form a wedge of liquid between the face of the test-piece 
and the surface of the refractometer prism. The surface of the prism must be 
completely free of contact liquid between the test-piece and the light source. 
If these precautions are not taken, a line may be observed at a position different 
from that corresponding to the index of the glass test-piece and false settings 
made. 

The boundary between light and dark portions of the field of the telescope 
_is observed by setting the compensator drum, which rotates the Amici prisms 

used for achromatization, at one of the two positions that give a boundary line 
most nearly free from color. The contact between the surface of the test-piece 
and of the prism is tested by firmly pressing the two surfaces together with the 
finger. If there is no displacement of the boundary line during this operation, 
the position of the slab may be considered satisfactory. 

Three readings are made without moving the test-piece. Then the test-piece 
is removed, and replaced on the prism, and three additional readings are made. 
If the mean of these readings on the test-piece is different from the marked 
value, the scale of the instrument is set at the marked value, and the dividing 
line is brought into coincidence with the cross hairs by turning the small screw 
that is recessed in the outer barrel of the telescope. After the adjustment the 
operation of checking the instrument is repeated. Before the glass test-piece is 
removed or the scale setting is disturbed, the compensator drum is turned to 
the second position, which gives a boundary line free from color. If the cross 
hairs are found to be displaced from the boundary line by more than 0.0002, 
the compensator asymmetry is too large to be neglected, and the refractometer 
should be returned to the maker for adjustment; however, such errors may be 
minimized by using corresponding achromatizing positions for both the test- 
piece and specimen. 

The tissue paper is removed from the light bulb, and a tube about 2 inches 
long is made by rolling up a piece of aluminum. The tube is slipped over the 
bulb to provide a beam of light at grazing incidence to the prism. 

Refractive-index measurements are then made on the pressed samples of 
rubber. The sandwich of aluminum foil and rubber is first cut in half. Then 
the narrow end of one of the pieces of aluminum foil is peeled off with a quick 
continuous pull, leaving the rubber adhering to the other piece of foil. Witha 
razor blade a strip is cut at least 0.3 cm. wide and 1 em. long where the GR-S 
is smoothest and completely free from air bubbles. It is necessary to obtain a 
sharp clean edge perpendicular to the plane of the foil. The specimen is placed 
on the prims of the refractometer with the cut edge away from the observer, 
perpendicular to the length of the prism face, and in about the same position as 
that previously occupied by the polished edge of the glass test-piece. It is 
necessary to determine by experiment for each refractometer the proper location 
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of the cut edge along the prism face. This location is that which will give the 
best field in the telescope; it has been found to be about 0.125 inch below the 
center of the prism face in several instruments and slightly above the center in 
others. The specimen is pressed firmly with a finger against the foil until it 
wets the glass, leaving no air entrapped between the prism and the specimen 
near the cut edge. No use is made of the refractometer’s illuminating prism. 

Water is circulated at room temperature through the housing of the measur- 
ing prism of the refractometer and through the cored brass block, which is now 
placed over the specimen. At least 1 minute is allowed to elapse for the speci- 
men to reach temperature equilibrium after the block is placed over the speci- 
men and before an index reading is made. 

The compensator is adjusted to give a boundary as free from color as possi- 
ble, and the index is read by setting the boundary between the light and dark 
portions of the field on the intersection of the cross hairs. For al) normal GR-S 
polymers, the boundary between light and dark portions of the field should be as 
sharp as the boundary obtained with liquids. In reading the line, the compen- 
sator drum is adjusted so that of the two possible positions of compensation the 
one used for the rubber specimen is nearer to that used for the glass test-piece. 
The setting is approached from a position in which the intersection is in the 
light portion of the field. At least three settings are made, and if there is a 
difference of more than 0.0001 between the readings, a new strip is mounted on 
the prism and the readings are repeated. If average values obtained on differ- 
ent specimens from the same sandwich differ by more than 0.0002, a new portion 
of the original sample is extracted and the observations are repeated. At each 
reading, the temperature of the circulating water is recorded to the nearest 
0.1°C. The value of nes, the index at 25° C, is computed from each observation 
by use of the equation no; = nm, + 3.7 X 10-4 (t — 25) where n, is the index 
observed at temperature ¢t. In other words, the observed value is increased by 
0.00037 for each degree by which the temperature exceeds 25° C., or conversely.’ 


SOURCES OF ERROR 


To obtain a sharp boundary line in the field of the refractometer, it is nec- 
essary to follow the foregoing procedure fairly closely. If the sample is not 
homogeneous, it should be thoroughly blended by milling or other suitable 
means. No change in index has been observed on prolonged milling. If the 
surface of the specimen is rough or if it contains air bubbles, it will not adhere 
smoothly to the measuring prism. Normal GR-S, essentially free from gel, 
requires about 3 minutes of pressing at 100° C, under a pressure of 300 pounds 
per square inch. If the sample contains a large amount of gel or has a very 
high styrene content, longer times may be required. Finally, the specimen 
must have a sharp clean-cut edge perpendicular to the face of the prism. 

Even where a sharp line is readily obtained, the observed value may not 
represent the desired index. For example, the observed value will not repre- 
sent the index of the polymer itself unless all interfering impurities are removed. 
Extraction, under the conditions already described, is adequate to accomplish 
this under conditions normally encountered. In the case of rubbers coagulated 
with alum, the aluminum soaps formed are only sparingly soluble in alcohol. 
Dryden showed, however, that if water is present in the E-T-A, these soaps are 
hydrolyzed to a large extent to aluminum hydroxide and fatty acid. The latter 
is extracted and the former, being insoluble in GR-S, does not affect its index. 
If hydrolysis is performed in the presence of a small amount of mineral acid, as 
recommended in the present procedure, the reaction goes to completion. 
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It has been found that residual impurities amounting to 0.14 per cent sodium 
stearate, 0.14 per cent stearic acid, or 0.07 per cent ethyl aleohol-toluene aze- 
otrope will decrease, or 0.07 per cent phenyl-2-naphthylamine will increase the 
index® by 0.0001. It is therefore necessary to extract completely all extraneous 
material. The work of Custer® showed that several standard lots of normal 
GR-S changed in index by not more than 0.0001 in 2 years of storage at room 
temperature in the dark, whereas samples held for 4 weeks at 70° C in air in- 
creased in index by about 0.0005. The change is probably associated with in- 
complete extraction of phenyl-2-naphthylamine or its oxidation products from 
the rubber after the accelerated aging. 

After extraction, the specimen should be exposed to oxygen as little as 
possible, because the extraction removes all antioxidants. Besides the increase 


TaBLe I 


InpivipvaL VaLuEs oF Rerractive Inpex, 
Flask 1 Flask 2 Day Flask 1 


1.5350 1.5349 8 1.5351 
1.5349 1.5349 1.5351 
1.5350 1.5349 1.5351 


1.5351 1.5349 ¢ 1.5352 
1.5349 1.5352 1.5352 
1.5351 1.5352 


1.5351 Oe 1.5351 
1.5350 Oe 1.5351 
1.5351 Oe 1.5350 


1.5351 Oe 1.5351 
1.5351 Oe 1.5351 
1.5351 Oe 1.5352 


1.5351 Oe 1.5351 
1.5351 535 1.5351 
1.5350 Oe 1.5352 


1.5349 1.5351 
1.5350 Oe 1.5351 
1.5351 1.5351 


1.5351 Oe 1.5351 
1.5351 Oe 1.5351 
1.6350 Oe 1.5351 


1.5351 
1.5350 
1.5351 


si. Standard deviation corresponding to intrinsic variability. 

sf. Standard deviation corresponding to flask-to-flask variability. 
sd. Standard deviation corresponding to day-to-day variability. 
sr. Standard deviation of a single random determination. 

sm. Standard deviation of the mean of 90 determinations. 


Day Flask 2 aa 
1.5351 
1.5350 

9 1.5351 
1.5351 

1.5351 

3 1.5351 
1.5351 

1.5351 4 

4 1.5350 
1.5351 

1.5351 

5 1.5350 
1.5351 

1.5351 

6 1.5351 
1.5351 

1.5351 

1.5351 
1.5351 4 

1.5351 

15 1.5351 

1.5351 

1.5350 

Mean. 1.53507 

High. 1.5352 

Low. 1.5349 

si. 0.00006 

sf. 0.00000 

sd. 0.00004 

sd. 0.00007 

sm. 0.000012 | 
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in index caused by the actual addition of the oxygen to the polymer, oxidation 
also makes it more difficult to obtain a good line of demarcation in the refracto- 
meter. To avoid oxidation as much as possible during drying, it is suggested 
that all the residual solvent be removed from the specimen under vacuum. 

Finally, there is the important matter of accuracy in the measurement of 
temperature of the specimen. The rate of change of index of normal GR-S 
with temperature is about —3.7 X 10~* per degree centigrade’ and is essenti- 
ally the same as for natural rubber. This is so large that one must be sure of 
temperature equilibrium, equality of temperatures of water and specimen, and 
accuracy of the thermometer. 


PRECISION 


A statistical analysis was made on refractive index data obtained in order 
to determine the precision of the measurements. These data were obtained by 
extracting three specimens of X-452 GR-S in each of two flasks on 15 different 
days. The refractive index of each specimen was determined and corrected to 
25°.C by the temperature coefficient given above. The data are presented in 
Table I. In Figure 1 the ordinate is the average of the six measurements made 
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Fie. 1.—Effect of day-to-day variability on reproducibility of test. 


on each day. The solid line represents the mean of the ninety determinations 
made during the 15 days, and the dotted lines represent the maximum range 
to be expected if there is no day-to-day variation. All but two of the measure- 
ments fall well within these lines. 

Figure 2 shows the differences between the two flask averages. The solid 
line in the center represents their mean. It can readily be seen that there are 
no appreciable differences between extractions. 

An analysis of variance was made on these data! and from it five standard 
deviations were calculated: (1) s;, the standard deviation corresponding to 
intrinsic variability (the error reflected by the variability of replicate deter- 
minations made in the same flask by the same operator at approximately the 
same time); (2) s,, the standard deviation corresponding to flask-to-flask vari- 
ability (the additional variability introduced when replicate determinations 
are made in different flasks); (3) sz, the additional standard deviation corre- 
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15 


6789 Witt 2 415 
DAY 


Fria. 2.—Effect of flask-to-flask variability on reproducibility of test. 


sponding to day-to day variability; (4) s,, the standard deviation which might 
be expected for a single random determination (95 out of 100 random observa- 
tions may be expected to fall within a range of 2s, around the mean value) ; and 
(5) 8m, the standard deviation of the mean of all 90 determinations appearing in 
TableI. The latter standard deviation was obtained by the following formula: 


= (s;2/90 + 8/2 + 842/15)! 


where the divisors 90, 2, and 15 refer, respectively, to the 90 individual deter- 
minations, the 2 flasks, and the 15 days involved in the entire experiment. 


SUMMARY 


The measurement of the refractive index of elastomers is discussed, with 
particular reference to GR-S rubber and the use of an Abbé type of refractom- 
eter. Detailed descriptions of the apparatus used and the procedure for GR-S 
rubber are given. Common sources of error are discussed and methods of 
minimizing these errors are given. A detailed study has been made of the preci- 
sion obtainable with GR-S polymers using the Abbé type of refractometer with 
an incandescent light source. It was found that the standard deviation cor- 
responding to variability of a single random determination was 0.00007. The 
method has been used for several years as the basis for the determination of 
bound styrene in copolymers of butadiene and styrene, and is currently em- 
ployed for control purposes in the government-owned synthetic rubber plants. 
It has also been used for determining the percentage of rubber hydrocarbon in 
natural rubber and for locating second-order transition temperatures. 
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ATMOSPHERIC OZONE—A SIMPLE APPROXIMATE 
METHOD OF MEASUREMENT * 


J. CRABTREE AND R. H. Erickson 


Bett Laporatories, Inc., Murray Hitt, New Jersey 


' In recent years the rubber industry has awakened to the significance of the 

’ minute amounts of ozone in the atmosphere as a destructive agent by virtue of 
its unique property of splitting stretched rubber and perhaps also of the possi- 

bility of its function as an oxidation catalyst for organic materials in general. 

Progress in the past has been hampered by lack of a satisfactory method of 
measurement at the extreme dilution encountered (0-10 parts per hundred 
million). 

Particularly does this apply because measurements must be made on the 
spot. The fugitive nature and high dilution of the ozone obviate any possibility 
of transporting samples for later measurement in the laboratory. 

Of the methods available, the fundamentally ideal one is by light absorption 
at one of the ozone absorption bands. Measurements made by European ob- 
{ servers in this way have given values of from one to three parts ozone per 10® 
parts of air. An air path of three to four miles is necessary, however, and this, 
apart from other experimental difficulties, renders the procedure hopeless for 
practical application. 

Numerous colorimetric and fluorescence methods have been described, but 
f none begins to approach the necessary sensitivity. Resort, therefore, has in- 
evitably been to the classical reaction with potassium iodide, with measurement 
of the iodine liberated. Here the problems lie in the difficulty of presenting 
efficiently a very large volume of air to a small volume of reagent, and in the 
possible presence in the atmosphere of other oxidizing agents, e.g., peroxides— 
nitrogen, hydrogen, or organic. The volume problem has been solved by pre- 
senting the air to the reagent in the form of a fine spray, and apparatus has been 
described! to accomplish this action. The hazard of other oxidizing agents is 
not usually present, but these can usually be frozen out in cooled traps above 
the boiling point of ozone. It has been claimed? possible to separate the ozone 
by absorption on silica gel cooled in liquid oxygen and to recover it quantita- 
tively on warming. The present authors, however, have never been able to 
recover more than 50 per cent of the original ozone in this way. A Russian 
observer’ could recover none. 


OZONE MEASUREMENT WITH STRETCHED RUBBER 


Because of the variability in concentration of zone in the atmosphere due to 
geographical, topographical, or meteorological conditions and to its destruction 
in smoky or indoor locations, an urgent need has been felt of a method permit- 
ting on-the-spot measurements in such places as warehouses, airplanes, etc., 
where laboratory facilities, which are essential to the methods referred to, do 


* Reprinted from the India Rubber World, Vol. 125, No. 6, 719-720, March 1952. This paper was 
a the North Jersey section of the American Chemical Society at Newark, New Jersey, 
anuary 28, 1952. 
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not prevail. This need can be met in sufficient measure for many practical 
purposes by using ozone’s unique reaction, the cracking of stretched rubber. 

This property was used as long ago as 1930‘ as a test for the occurrence of 
ozone in the atmosphere, and herein is described an attempt to secure quantita- 
tive data using the same principle; namely, the exposure of a stretched piece of 
rubber to an atmosphere containing ozone and correlation of the concentration 
with the time elasping before cracking could be observed. 

If rubber is used with a very high surface gloss, the first indication of ozone 
reaction is a dulling of the surface in a surprisingly short time, ten minutes or so, 
at normal atmospheric concentrations. This surface effect was first used as 
the indicator, but was finally abandoned because of the failure to devise a com- 
pound which would hold its gloss in a stretched state over prolonged periods in 
the absence of ozone. It was necessary, therefore, to depend on the time 
elapsing before cracks could first be recognized under magnification. Such a 
subjective basis is, of course, highly unethical in a quantitative analysis, but 
seems to be the only acceptable one based on current knowledge. With a little 
practice, however, it is not nearly so objectionable as might appear. 

Considerable effort has been expended in devising a compound in which the 
cracks are of such form and size as to be readily recognizable, appearing first as 
minute pin-point eruptions which stand out readily from the glossy surface. 
The compound adopted was: 

Smoked sheet rubber 


100 

EPC black (Micronex W6) 25 
Mineral rubber 10 
2 

3 

0 

0 


Sulfur 

Zinc oxide 

Diphenylguanidine 

Tetramethylthiuram monosulfide 

Cure 80 minutes at 40 lb. per sq. in. steam pressure (287° F) 


12 
50 


It is molded as 0.075-inch thick sheets in a mold with a high surface finish 
on one side. Immediately on removal from the mold, squeegee a sheet of 
cellophane into intimate contact with the glossy surface. Sheets thus pre- 
pared can be stored for prolonged periods without losing the essential surface 
quality. 

In use, a strip 0.25-inch wide is cut with a razor blade and mounted at 50 
per cent elongation in any manner desired. As convenient a way as any is the 
use of a small waxed or varnished board with two holes a short distance apart, 
through which the ends of the strip are passed and.secured by pegs or corks. 
Only about two inches are needed; one six-inch square sheet thus is adequate 
for a large number of tests. The test strip is exposed thus in the desired loca- 
tion, observed in a good light with a seven or eight times magnifier at five- 
minute intervals, and the time noted when the afore-mentioned pin-point dis- 
continuities are first seen. As previously noted, a few practice runs should be 
made to familiarize the procedure before applying the results. 


CALIBRATION AND TEMPERATURE CORRECTION CURVES 


The calibration at 70° F is given in Figure 1 and is applicable only to the 
compound specified prepared, exposed, and examined in the above manner. 
Figure 2 is the temperature correction curve. Calibration has been arrived at 
on the basis of outdoor exposure; simultaneous measurements of ozone con- 
centration by the potassium iodide methods were made. The experimental 
error, as would be expected, is large, and may be as much as +20 per cent at 
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five parts per hundred million (10°) and +40 per cent at one part. This order 
of accuracy is generally sufficient to indicate whether the ozone concentration 
at the particular time and location is low, high, or normal. For this purpose 
only is the method submitted. 

From Figure 1 the ozone concentration corresponding to the time observed 
is derived; this is multiplied by the time factor taken from Figure 2. 
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AN IMPROVED APPARATUS FOR DETERMINING 
MOISTURE IN RUBBER BY DISTILLATION 
WITH TOLUENE * 


Max TRYON 


NaTIonaL Bureau oF STANDARDS, Wasninoton, D. C. 


INTRODUCTION 


The water content of certain organic materials can be determined by a 
method that involves the formation of an azeotrope of an immiscible organic 
liquid with the water, distillation of the azeotrope, and separation of the water 
as a separate phase. The volume of water is then measured by the use of a 
graduated container. 

For this purpose there are several devices commercially available for the 
collection and separation of water distilled with a liquid of low density, such as 
toluene. Since the time of Dean and Stark! there have been a large number of 
refinements and special applications similar to their original apparatus?. 
These refinements are essentially attempts to overcome the following short- 
comings of-the original design. First, there is a tendency for water to adhere 
to parts of the apparatus rather than to collect in the graduated portion. 
Second, there is a lack of precision of reading the volume of water collected, due 
to the dimensions and shape of the graduated container. Third, sharp separa- 
tion of the immiscible liquid and water does not always occur in apparatus with 
narrow water-collecting tubes, because the immiscible liquid tends to be 
trapped in the tube by the water. Fourth, the apparatus must be meticulously 
clean or the water will entrap the immiscible liquid and will not properly fill 
the measuring tube, regardless of the shape or dimensions of the tube. 

Subsequent modifications and refinements of the original apparatus have 
overcome some of these objections to varying degrees. The apparatus de- 
scribed in this paper, however, answers all these objections satisfactorily and 
also offers a few more advantages. 

The procedure and apparatus described in this paper was originally devised 
in 1947 to determine small amounts of water (about 1 per cent by weight) 
present in certain types of synthetic rubber® that could not be analyzed with 
procedures standard at that time. As a result, this procedure has been ac- 
cepted as a referee method for determining moisture in all types of synthetic 
rubbers by the Sub-committee on Test Methods, Reconstruction Finance 
Corp., Office of Rubber Reserve. 

It is felt that this apparatus supplies the need for a rapid, simple, precise 
method for determining small amounts of water in materials on a routine pro- 
duction basis and furnishes a valuable tool for research. 


* Reprinted from the Journal of Research of the National Bureau of Standards, Vol. 45, No. 5, pages 362- 
366, November 1950. 
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DESCRIPTION OF APPARATUS 


The apparatus is shown schematically in Figure 1. The distilling flask, A, 
contains the sample and toluene. This flask is connected to the collecting trap, 
T, by a 24/40 standard taper joint lubricated with silicone stopcock grease. A 
West condenser equipped with a drip tip is connected to the trap by means of a 
24/40 standard taper joint, also lubricated with silicone grease. The tapered 
portion of the trap has a volume of about 10 cc. below the overflow tube, U. 


Fic. 1.—Distillation apparatus. 


The overflow tube slopes upward from the tapered portion and so prevents 
drops of water, falling from the condenser tip, from returning to the distilling 
flask. A capillary tube, C, 56 em. long and of about 1.5 ec. volume is sealed to 
the bottom of the tapered portion of the trap. This capillary is graduated at 
l-mm. intervals between the points Y and Y (50-em. length) and has a 12/3 
ball joint at the top end. This joint, lubricated with silicone grease, serves to 
connect the capillary to a waste receiver, R, which has a drain stopcock at the 
bottom. The waste receiver is connected by rubber tubing to a bottle of 
water, P, which is in turn connected by rubber tubing to a leveling bulb, L. 
The leveling bulb has both a coarse and a fine adjustment. Raising or lowering 
the clamp, S, affords the coarse adjustment, and the threaded tube, H, allows 
the fine adjustment. Thermometer reading lenses prove very useful for reading 
the scale on the graduated capillary tube. 

The capillary tube, the trap, and the condenser are coated with a thin film 
of silicone polymer to prevent water droplets from adhering to the walls of the 
apparatus. The effect of this coating is to reverse the usual water-glass menis- 
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cus, and the result is a mercury-type meniscus that is easily seen in the capillary. 
The silicone coating is applied by pouring a solution, 5 cc. of mixed methyl- 
chlorosilanes (Dri-film) dissolved in 100 ec. of dry toluene, into the clean air- 
dried apparatus and allowing it to stand in contact approximately 15 minutes 
before pouring out the excess solution. It is important that the glass-ware be 
air-dry and not oven-dry, as a very thin layer of adsorbed water on the glass 
surface is essential to form the coating’. Caution: It is recommended that this 
operation be carried out in a hood, as the methyl! chlorosilanes are toxic, flam- 
mable, and corrosive. The apparatus is then air-dried and heated overnight in 
an oven at 105° C. The apparatus may be used indefinitely and may even be 
rinsed with acid-dichromate cleaning solution without disturbing the film or the 
calibration of the capillary. However, the film may be removed by soaking 
the equipment for 10 to 15 minutes in alcoholic potassium hydroxide. 

The distilling flask may be heated by any suitable heat source, but an elec- 
tric enveloping heater is recommended for best control of the distillation. 


OPERATION OF APPARATUS 
CALIBRATION 


The capillary is calibrated by adding, progressively, weighed increments of 
water to the tapered portion of the trap, which has been filled previously with 
dry toluene up to the overflow tube. After each increment has been added, the 
water in the trap is raised up into the graduated capillary by lowering the level- 
ing bulb. The fine adjustment affords a simple and quick method for adjusting 
the bottom of the water column to a zero point on the capillary. The height 
of the column is noted and the leveling bulb raised to return the water to the 
tapered portion of the trap. Another weighed increment of water is added 
and the process repeated. The size and number of the increments to be meas- 
ured depends on the accuracy and precision desired. 

Because toluene is present in the trap, the water column is confined between 
two columns of toluene while being measured. This prevents evaporation loss 
and also aids in obtaining a sharp mercury-type meniscus at both ends of the 
water column. Varying the weight of the water added and measuring the 
column lengths obtained allows precise calibration of the capillary. If the 
capillary is uniform, a simple length-to-weight factor is all that is required. 
However, if the capillary is nonuniform, a simple graphical calibration curve is 
readily made from such measurements. 


DISTILLATION OF SAMPLE 


The sample is weighed to the desired accuracy and placed in the distilling 
flask with a sufficient amount of toluene to keep the sample covered. The 
toluene is dried by passing it through a column of activated silica gel. The 
trap is filled up to the overflow tube with dry toluene and the distilling flask is 
heated slowly until liquid begins to drop from the tip of the condenser. The 
distillation is continued at the proper rate, depending on the type of sample 
used, until no more water droplets appear in the distillate drooping into the 
large part of the trap. Five cc. of dry toluene is poured in the top of the con- 
denser to wash any water adhering to the condenser down into the trap. The 
heater is then turned off and the water in the trap allowed to cool to room 
temperature, or a beaker with cool water may be lifted around the trap to aid in 
adjusting the temperature to a predetermined value, dependent on the tem- 
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perature of the calibration procedure. After cooling, the leveling bulb is 
lowered to draw the distilled water into the capillary and to adjust the bottom 
of the water column to the zero point used as a reference in the calibration of 
the graduated capillary. The length of the water column is read, and then the 
leveling bulb is lowered further to draw the water and toluene in the trap into 
the waste receiver. The trap is again filled up to the overflow tube with dry 
toluene, and the distilling flask is replaced with another flask containing a 
sample and toluene. This procedure allows another sample to be run almost 
immediately. Cleaning the trap at intervals by flushing with toluene is ac- 
complished by pouring toluene in the trap through the condenser and lowering 
the leveling bulb to draw the solvent through the capillary into the waste 
receiver. The stopcock on the bottom of the waste receiver allows removal 
of the accumulation of water and toluene. 


ACCURACY AND PRECISION 


Several experiments, designed for statistical analysis, in which a number of 
possible variables were studied, were used to evaluate the method. The known 
samples were prepared in batches by taking a 200-gram batch of GR-S-10 
synthetic rubber and milling it for approximately 5 minutes after which it was 
sheeted out at a setting of 0.02-inch distance between the mill rolls and then 
placed in a vacuum oven at 90° C for 4 hours. After the rubber was dried, it 
was stored in a desiccator overnight. The rubber was then weighed to the 
nearest milligram and passed through the mill at a 0.02-inch setting several 
times, taking care that no rubber was lost from the mill. The sample was re- 
weighed to check for loss of rubber. After the rubber was checked for loss in 
weight, it was banded on the mill, and two 10-cc. portions of distilled water were 
milled into the sample and the mixture was thoroughly blended. The sample 
was next removed from the mill and placed on an electrically grounded sheet of 
aluminum to cool and discharge the static charge formed during the milling 
operation. After approximately 10 minutes the rubber was weighed. A 


TABLE 1 


STANDARD DeviaTION, WATER CORRECTION, AND RECOVERY 
AS AFFECTED BY TREATMENT OF THE TOLUENE 


Toluene passed 


through silica gel Distilled toluene Untreated toluene 
Weight of Weight of Weight of Weight of Weight of Weight of 
water in water re- water in water re- water in water re- 
rubber covered rubber covered rubber covered 


1.4685 1.4339 0.9696 0.9888 0.484 0.5743 
0.4633 0.4650 1.2866 1.4071 0.8672 0.9748 
0.6122 0.6058 0.3327 0.3865 0.9008 1.0821 
0.7511 0.7703 =—-0.6070 0.2601 0.3564 
0.3488 0.3714 0.4285 0.5234 0.6991 0.7586 


0.8064 0.8357 0.9839 1.0488 1.2306 1.2947 
0.7289 0.7053 ~—-0..4896 0.5938 0.2598 0.3159 
0.3166 0.3316 0.9737 1.0135 0.6422 0.7069 

0.8061 0.7628 0.3887 0.4878 1.1101 1.2188 
Std. dev.* (g.) 0.023 0.035 0.040 


Water (blank) 
correction (g.) 0.0282 0.0849 0.0704 
Recovery (%) 95.66 98.63 103.01 


« single determination. 
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directly. 
slope, 1.03. 


14-ft column of activated silica gel. 
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AMOUNT OF WATER ADDED ,GRAMS 


Fic. 2.—Amount of water recovered versus the amount of water added for untreated drum toluene used 
O, 45-min. distillation; [J], 90-min. distillation; @, 120-min. distillation. 
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Intercept, 0.070 g., 


AMOUNT OF WATER RECOVERED, GRAMS 


8 6 7 


Intercept, 0.028 g., slope, 0.957. 


AMOUNT OF WATER ADDED GRAMS 


Fig. 3.—Amount of water recovered versus amount of water added for drum toluene filtered through a 
O, 45-min. distillation; [J, 90-min. distillation; @, 120-min. distilla- 
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DETERMINATION OF MOISTURE IN RUBBER 


AMOUNT OF WATER RECOVERED, GRAMS 


AMOUNT OF WATER ADDED, GRAMS 


Fic. 4.—Amount of water recovered versus the amount of water added for drum toluene distilled and 
the wet forerun removed. O, 45-min. distillation; [J, 90-min. distillation; @ 120-min. distillation. Inter- 


cept, 0.085 g., slope, 0.986. 


portion of the rubber was cut into pieces small enough to pass through the open- 
ing of the distilling flask and placed as quickly as possible in a weighed tin 
with an air-tight cover. The remaining portion of the wet rubber was re- 
weighed and stored in an air-tight container. The tin containing the sample 
was weighed and the sample then removed and placed in the flask containing the 
toluene. This procedure gave several checks for the weight of the sample, the 
moisture content by weight, and the possible loss of moisture during handling. 
Under these conditions the loss of moisture during handling was found to be 
less than 1 mg. 

The data shown! in Table 1, after statistical analysis, indicated that there 
was no significant dependence of the precision and accuracy, within the limits 
of this experiment, on the size of the sample or on the time of distillation after 


TABLE 2 


COMPARISON OF METHODS FOR THE DETERMINATION OF 
MolsTuRE IN SYNTHETIC RUBBERS 


Standard devi- 
ation of a single 


Toluene determination 
Method treatment of water 
Per cent 
Silica gel 0.023 
Distillation Distilled .035 
Untreated .040 
Specification Mill-oven Method (C-1-c)*® .008 
Specification Hot-mill Method (C-1-a)*® 045 


Goodrich? 
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the water droplets cease to appear in the distillate. The slope and intercept of 
each curve shown in Figures 2, 3, and 4 indicate the recovery and correction for 
water in each of the toluenes listed in Table 1. The toluene treated with silica 
gel showed a recovery significantly less than 100 per cent, but also showed no 
significant water correction for the toluene. That the other toluenes did not 
show a significant difference from 100 per cent recovery is probably due to the 
lower precision in these cases. However, the water correction was appreciable 
for these two toluenes. Further, the toluene treated with silica gel gave the 
lowest standard deviation of the three toluenes. 

Comparisons were also made between this method and those involving the 
mastication of the samples on hot rolls or oven-drying of thin sheets. The data 
from such a comparison is shown in Table 2. The weights of sample used for 
the water determination in the four methods were quite different, ranging from 
a few grams for the Mill-oven method to 450 grams for the hot-mill method. 
However, a comparison of the standard deviations of the methods indicates that 
the distillation method is more precise than either the Goodrich method or the 
Specification Hot-mill method. The specification mill-oven method is more 
precise than the distillation method, but the operating factors of the mill 
method are to its disadvantage’. 


SUMMARY 


An improved apparatus has been developed for the determination of water 
in rubber by distillation with toluene. The volume of the water collected is 
measured in a graduated capillary tube, which allows more precise measurement 
than the tapered tube formerly used. The interior of the trap and conden- 
ser is coated with a water-repellent silicone polymer to prevent water droplets 
from adhering to the walls and to improve the accuracy. This paper de- 
scribes the construction of the apparatus and a procedure for coating its interior 
with the silicone polymer. A method of calibration of the trap is included in a 
general procedure for use of the equipment. 
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product improvers 
for rubber compounders 


HYCAR NITRILE RUBBERS—have excellent processing character- 
istics and proven uniformity. Exceptional 
resistance to heat, abrasion, cold flow and 

solvents. 
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HYCAR POLYACRYLIC RUBBERS—have superb heat resistance, and 
unusually high resistance to deformation at 
high temperatures. Excellent flexing and 

ozone resistance. 


GOOD-RITE RESIN 50—a low gravity reinforcing resin, first in a 
ns SEE series of new resins for rubber compound- 

ing. Easy processing—and a highly valuable 

processing aid for hard compounds. Ex- 

cellent compatibility with natural and syn- 
thetic rubbers. 


Hycar 


Reg US Pat. Of. 
For information, please write Dept. HF-3. 


B. F. Goodrich Chemical Company 


A DIVISION OF THE B. F. GOODRICH COMPANY 
ROSE BUILDING CLEVELAND 15, OHIO 
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formulations may be hiking 
your production cost 


*There’s one formulation—and only one—that will keep your 
manufacturing or processing costs at a minimum. Let UBS 
“Creative Chemistry” lower your costs and increase production 
efficiency by recommending formulations tailored to your specific 
requirements. 


Our technical staff will be glad to consider your problems 
without obligation. 


Serving industry with ‘‘creative chemistry’’ 


Industrial Latex Adhesives 
Rubber Solvent Cements 
Synthetic Solvent Cements 

Backing Compounds 

Combining and Laminating Cements 
Coating Compounds 

Latex Concentrates 

Tank Lining Compounds 
Polystyrene Dispersions 
Latex Extenders, Tackifiers 


. . « Technical data sheets for each product 
available on request. Write for yours today! 


Address al! inquiries to the Union 
Bay State Chemica! Company, 50 
Harvard Street, Cambridge 42, 
Massachusetts, 


Union Bay STATE 


| 
PLASTICS PNOUSTRIAL ADM SPERSIONS 
COATING COMPOUNDS . IMPRLGAATING MATCRIALS - COMBUUNG CLIENTS 
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ACCELERATORS 
PLASTICIZERS 
ANTIOXIDANTS 


She C.P. Hall Co. 


CHEMICAL MANUFACTURERS 


@ AKRON, OHIO ¢ LOS ANGELES, CALIF. e CHICAGO, ILL. e NEWARK, N. J. 


STAMFORD “FACTICE” 
VULCANIZED OIL 


(Reg. U. 8. Pat. Off.) 


Our products are engineered to fill every need in 
natural and synthetic rubber compounding “pment the use of vulcanized 
oil is indicat 


We point with pride not only to a complete line of solid Brown, White, 
*‘Neophax” and ‘“‘Amberex”’ grades, but also to our aqu>ous dispersions and 
hydrocarbon solutions of ‘‘Factice” for use in their appropriate compounds. 


Continuing research and development in our laboratory and rigid produc- 
tion control has made us the leader in this field. 


The services of our laboratory are at your disposal in solving your com- 
pounding problems. 


THE STAMFORD RUBBER SUPPLY COMPANY 


STAMFORD, CONNECTICUT 


Manufacturers of “Factice” Brand Vulcanized Oil 
Since 1900 
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For Prompt and Complete Coverage of Current 
Technical and News Developments in the Rubber 
Industry — 


READ 


$5.00 a year 
$7.50—2 years 
$10.00—3; years 


One of the World's 


For Full Information on Rubber Manufacturers 
and Their Products; Material, Equipment and 
Services Used by Rubber Manufacturers; Who's 


Who in the Rubber Industry — 
Out Of Print 


Rubber 
Orders Accepted RED BOOK 


1953-54 Edition Directory of the Rubber Industry 
$10.00 a copy 


READ 


1951-52 Edition 


Published By 


PALMERTON PUBLISHING COMPANY, Inc. 
250 West 57th Street New York 19, N. Y. 


21 


j | 

* 

4 

¥ 

4 

\ \ 


in RUBBER COMPOUNDING with 


You are invited to write for further informa- 
tion, free technical bulletins, or experimental 
working samples. 


COLUMBIA-SOUTHERN 
CHEMICAL CORPORATION 


SUBSIDIARY OF PITTSBURGH PLATE GLASS COMPANY 


FIFTH AVE. AT BELLEFIELD- PITTSBURGH 13, PA. 
DISTRICT OFFICES: BOSTON + CHARLOTTE * CHICAGO « CINCINNATI * CLEVELAND + DALLAS 


HOUSTON ¢ MINNEAPOLIS * NEW ORLEANS * NEW YORK © PHILADELPHIA « PITTSBURGH 
ST. LOUIS * SAN FRANCISCO 


ADVERTISE 


RUBBER CHEMISTRY 
AND TECHNOLOGY 
KEEP YOUR NAME AND YOUR 


PRODUCTS CONSTANTLY BEFORE 
THE RUBBER TECHNOLOGIST 


Advertising rates and information about 
available locations may be obtained from 
E. H. Krismann, Advertising Manager, Rub- 
ber Chemistry and Technology, care of E. I. 
du Pont de Nemours & Company, 40 East 
Buchtel Ave. at S. High St., Akron 8, Ohio. 
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Ready Now! 


MACHINERY and EQUIPMENT 
for 
RUBBER and PLASTICS 


VOLUME I 
PRIMARY MACHINERY AND EQUIPMENT 


The only book of its kind ever offered to the Rubber and Plastics 
Industries and the first to be published since Pearson’s “Rubber 
Machinery” in 1915. Compiled by Robert G. Seaman and Arthur 
M. Merrill, the present Editors of India RUBBER WORLD, with the 
cooperation of an Editorial Advisory Board of experts in their re- 
spective fields. Each chapter is preceded by an article written by 
recognized authorities on the equipment, its purposes for specific 
products, and best method of using it. 


Volume | has over 800 pages of editorial content with authorita- 
tive descriptions for each machine classification: Types, Specifica- 
tions, Design Features, Operation, and Applications, as well as 
names and addresses of the manufacturers or suppliers. More than 
300 illustrations. Cloth-bound for permanence. 


Send for free copy of complete prospectus. 


Volume |—$15.00 Postpaid in U. S. A. 
$16.00 Elsewhere 


Volume !|—Supplementary Machinery and Equipment, is now in 
preparation and will be published in the near future. 


INDIA 


RUBBER WORLD 


386 FOURTH AVENUE NEW YORK 16, N. Y. 
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ST. JOE 


ZINC OXIDE 


ST. JOE lead-free LING OXIDES 
a Grade for Every Purpose 


Our unique electrothermic smelting method, the latest improvement 


in the production of zinc oxide by the American Process, ensures 
the uniformity of these St. Joe pigments because of the close con- 
trol exercised at the most critical point —the instant of oxidation. 
This control applies to both chemical composition and particle 


size, and is largely responsible for the preference accorded our 


products by a steadily increasing number of zinc oxide consumers. 


an ST. JOSEPH LEAD COMPANY 
fi, 250 PARK AVENUE, NEW YORK 17, NY 
=< Plant & Laboratory: Josephtown, Beaver County, Pa. 
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ANTIMONY SULPHIDE 


Regular Grades for Attractive Color 
Also 

A special grade for obtaining colored 

stocks having high abrasion resistance 


RARE METAL PRODUCTS CO. ATGLEN, PENNA. 


SUPERIOR ZINC CORPORATION 
121 North Broad Street Philadelphia 7, Penna. 


w 


Works at Bristol, Pa. 


RUBBER 
SUBSTITUTES 


(Vulcanized Vegetable Oils) 


Manufactured since 1903 by 


THE CARTER BELL MFG. CO. 


SPRINGFIELD NEW JERSEY 
Represented by: 


HARWICK STANDARD CHEMICAL CO. 
Akron — Boston — Trenton — Chicago — Denver — Los Angeles 
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COSTS 


versatile resin 


Costs Less...Offers More! 


Piccolyte—a pure hydrocarbon, thermoplastic 
terpene resin—is low in cost and readily soluble in 
low-cost naphthas, pentane and hexane. It is pale 
and stable in color, chemically inert, compatible 
with many other materials, non-toxic. There are nine 
melting points. 

Piccolyte has the same carbon to hydrogen ratio 
as plantation rubber, and has excellent tack-producing 
properties. Ideal for rubber tile and other products 
where light colors and tints are demanded. 

Use Piccolyte to keep your costs down without 
sacrificing in any way the quality of your products. 
Piccolyte costs less per pound today than practically 
all other resins, yet offers the maximum in quality 
and service. 


Write for data booklet, and a free sample of PICCOLYTE. Give 
intended use, so we can send sample of appropriate grade. 


PENNSYLVANIA 


INDUSTRIAL CHEMICAL CORP. 
CLAIRTON, PA. 


Sinai oe Clairton, Pa. and Chester, Pa. 
ed by Harwick Standard Chemical Co., Akron 5, Ohio 
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WHITETEX 


A new white and bright pigment for 
rubber, synthetic rubber or plastics, 
especially vinyls. 


BUCA 


A proved pigment for compounding ALL 
types of natural and synthetic rubber. 


For compounding rubber and synthetic 
rubber. 


No. 33 CLAY 


For wire and vinyl compounding. 


For full details, write our 
Technical Service Dept. 


SOUTHERN CLAYS, INC. 


(Formerly P. W. Martin Gordon Clays, Inc.) 
33 Rector Street -°- New York 6, N.Y. 
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CARBON BLACKS 
Wyex (EPC) Aromex (HAF) 
Easy Processing Channel Black High Abrasion Furnace Black 
Arrow TX (MPC) Aromex 115 (HAF) 
Medium Processing Channel Black Improved High Abrasion Furnace Black 
Essex (SRF) Arovel (FEF) 
Semi-Reinforcing Furnace Black Fast Extruding Furnace Black 


Modulex (HMF) Collocarbs 
High Modulus Furnace Black Black-Oil Blends 


CLAYS 


Suprex Clay « High Reinforcement 
ParagonClay .. . . . Easy Processing 
Hi-WhiteR . . White Color 
HydratexR . . . Water Fractionated 


RUBBER CHEMICALS 


Turgum S, Natac, Butac . . . « Resin-Acid Softeners 


J. M. HUBER CORPORATION ~ 100 Park Ave., New York 17, New York 


i TAN OX 


the Fuighlest name tn fugmenls 


TITANIUM PIGMENT 
CORPORATION 


Subsidiary of NATIONAL LEAD COMPANY 
28 
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RUBBER CHEMISTRY AND TECHNOLOGY 
IS SUPPORTED BY ADVERTISING 
FROM THESE LEADING SUPPLIERS 


INDEX TO ADVERTISERS 


American Cyanamid Company, Calco Chemical Division . . 
American Zine Sales Company 

Barrett Div., The, Allied Chemical & Dye Corp 

Binney & Smith Company...(Opposite Table of Contents) 
Cabot, Godfrey L., Inc 

Carter Bell Manufacturing Company, The 

Columbia Southern Chemical Corporation 

Du Pont Rubber Chemicals Division 

General Atlas Carbon Company 

Goodrich, B. F., Chemical Company 

Goodyear Tire & Rubber Company, The 

Hall, C. P. Company, The 

Harwick Standard Chemical Company 


Huber, J. M., Corporation 
India Rubber World 
Monsanto Chemical Company 
Naugatuck Chemical Division (U. 8. Rubber Company)... 
Neville Company, The 
New Jersey Zinc Company, The (Outside Back Cover) 
Pan-American Refining Corp., Pan American Chemicals Div. 
Pennsylvania Industrial Chemical Corporation 
Phillips Chemical Company 
Rare Metal Products Company 
Richardson, Sid Carbon Company 
Rubber Age, The 
St. Joseph Lead Company 
Sharples Chemicals, Inc 
Southern Clays, Inc 
Stamford Rubber Supply Company, The 
Sun Oil Company, Sun Petroleum Products 
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Superior Zine Corporation 25 
Thiokol Corporation, The 
Titanium Pigment Corporation 
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ENGINEERED FOR 
YOUR PRODUCT 


GENERAL ATLAS CARBON CO. 
77 FRANKLIN STREET, 
BOSTON 10, MASS. 
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Compoundit 
Barrett 
Basic 


Thirty years ago Barrett introduced the first refined coal-tar 
product specifically designed for the rubber industry. 

Today, Barrett* rubber compounding materials have wide 
application with reclaim and synthetic, as well as natural 
rubber stocks. These versatile coal-tar chemicals aid in milling 
and processing and impart a variety of specific properties 


to the vulcanizate. 


Rubber Compounding Materials produced by Barrett include: 


Carbonex* Rubber Compounding prenrauten BRC* 20 Rubber Compounding Pitch 
Bardol* Rubber Compounding Oil... 
“BARDOL” B Rubber C ‘ompounding Oil. 
Dispersing Oil 

CUMAR®* Resin 


THE BARRETT DIVISION 


ALLIED CHEMICAL & DYE CORPORATION 
40 RECTOR STREET, NEW YORK 6, N. Y. 


In Canada: 
The Barrett Co., Ltd. 
5551 St. Hubert St., Montreal, Quebec 


“BRC” 30 Rubber Compounding Pitch 
BRV* Rubber Softener 
......BRT* 3 Rubber Reclaiming Tar 
_“BRT” 4 Rubber Reclaiming Tar 

Resin “C”* Resinous Compounding Material 


If you manufacture Vinyl products — make 
Barrett your source for plasticizers. 

As the largest producer of Phthalic Anhydride, 
Barrett is providing Phthalate ester 
plasticizers which have found widespread 
usefulness for the valuable qualities they 
supply to many processes. 

Among these important plasticizers are: 


ELASTEX* 10-P Plasticizer 
Diisooctyl Phthalate (DIOP) 
“ELASTEX” 28-P Plasticizer 
Di-2-Ethylhexyl Phthalate (DOP) 
“ELASTEX” DCHP Plasticizer 
Dicyclohexyl Phthalate 
“ELASTEX” 50-B* Plasticizer 
Butyl Cyclohexyl Phthalate 
DIBUTYL PHTHALATE 


Barrett is Basic 


*Reg. U. S. Pat. Off. 
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You can depend upon the Precision char- 
acter of Harwick Standard Chemicals re- 
gardless of the quantity requirement . . . 

any type compounding material for | 
product development and production runs. / 
Our services are offered in co- 
operative research toward the 
application of any compounding 
material in our line to your 
production problems. 


iy HARWICK STANDARD CHEMICAL Co. 


AKRON 5, OHIO 


BRANCHES: BOSTON, TRENTON, CHICAGO, LOS ee 


COM Pp 0 U | D | G LORS: 
FILLERS 

mily | 

PLASTICIZERS. 

A-COUMARON -INDENES | 

MODIFIED STYRENES | 

HYDRO-CARBONS { 


HORSE 
LING 

OXIDES 


... Because the Horse Head line comprises the most 
complete family of Zine Oxides for rubber: 
1. It is the only line having such a wide range of particle 
sizes, surface conditions and chemical compositions. 
2. Its conventional types cover the range of American 
and French Process oxides. 
3. Its exclusive types include the well-known Kadox 
t means you need not waste time ing a si 
Zinc Oxide to specific compound. choose 
from the Horse Head line the Zinc Oxides that best meet 
your needs. 


+» Because you need to compromi 
choose from the wide variety of Horse Head Zinc Oxides. 
. -» Because the Horse Head brands can improve the 
of your compounds. 

ear after year, for nearly a century, more rubber 
manufacturers have used more tons of Horse Head Zinc 
Oxides than of any other brands. 


THE NEW JERSEY ZINC COMPANY 


Founded 1848 
160 Front Street, New York 7, N. Y. 
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